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Background 



Silverbrook's bilithic Mcmjet^'^ printhcads are the target printheads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements m the taiget systems. It also defines a set of temis used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Cuirently, this document is only concerned with the structure of the printheads and their 
systems, with regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [1] for the complete description of the func- 
tionality of these devices* 

This document relies on certain definitions and details presented in Bilithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1,1 



Companion Documents 



1.2 



Readership 



Confidential 



October 21, 2002 



2 



Silverbrook Research 



SoPEC/MoPEC Bimhic Printhead Reference 



4-4-1-6 -vl.O draft 



BiLiTHic Printhead 
Configurations 



Confidential 



October 21. 2002 



3 



Silverbrook Research 



SoPEC/MoPEC Billthic Printhead Reference 



4-4-1-6-v1.0draft 



2 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: 

• Priffthead Type - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with 
ike printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left 
or the right of where K,. is at the top of the printhead). 

• Priftlh^tf Airm^gemeiit - Even though there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow in eidier direction with 
respect to the printheads, there are a total of eight possible arrangements, c.g. 
Arrangement 1 has a Type 0 printhead on the left with respect to the paper flow, and 
a Type I printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• DqLQ is defined as the nozzle which can print a dot in the left-most side of the page. 

• Thg Pv^n Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 diflerent possible printhead types. Type 0 is identical to the Right 
Printhead presented in Figure 3 in [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 
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Wi/te theprimheads shown in Figure 1 look to be of equal width (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
printheads may be used 
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Figure 1. Printhead Types 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 



Table 1. Definition of the different printhead arrangements 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printheads 
together for printing on the same side of an A4 (or wider) page, e.g. we must always use a 
Type 0 printhead with a lypc 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them. Arrangement 1 and Arrangement 2, for 
purposes of illustration. These two arrangements m discussed in subsequent sections of 
this document. However, the other 6 possibilities also need to be considered. 

The main difference between the two printhead arrangements discussed in this document 
is the du-ection of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Airangement 2, in order to render the page correctly. 
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3.1 



Example 1 : Printhead Arrangement 1 



Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. Direction 

of Paper Flow 



Figure 2. Identification of printheads nozzles and shfft-regfsfer sequences for 
printtieads in Arrangement 1 
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Tabic 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order in which the even and odd dots are loaded for printhead Arrangement 
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Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the printheads In Arrangement 1 

Figure 4 and Figure 5 show the way in whidi the dot data needs to be loaded into the print- 
heads in Arrangement 1, to ensure that color O-dot 0 appears on the left side of the printed 
page. 
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Figure 4. Signalling for a Type 0 printhead in Arrangement 1 

^^^^ 

sicik n_njTJijTJTJiJxnj^^ 

Figure 5. Signalling for a IVpe 1 printhead In Arrangement 1 
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3,2 Example 2: Printhead Arrangement 2 

Figure 6 shows an Arrangement 2 printing setup, where the bilithic printhcads arc 
arranged as follows: 

• The Type I printhead is on the left with respect to the direction of the paper flow. 

• Tlie Type 0 prin&ead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 6. Identffication of printheads nozzles and shift-register sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 3. Order in which the even and odd dots are loaded for prfnthead Arrangement 
2 
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Figure 7 shows how the dot data is demultiplexed within the printheads. 
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Figure 7. OemulUplexing of data within the prIntheacKs In Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 2. to ensure that color 0-dot 0 appears on the left side of die printed 
page. 
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Figure 8. Signalling for a Type 0 printhead In Arrangement 2 
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Figure 9. Signalling for a lype 1 printhead in Arrangement 2 
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3.3 Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement 1 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 



From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on the arrangement Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangem^t. 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes in either ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a sin^e dot are output to 
the printhead. 
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Figure 10. All 8 Printhead Arrangements 
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Table 4. Order in which even and odd dots and planes are loaded into the various 
printhead arrangements 
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Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 


An-angement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded tvst 
Odd ascending loaded second 


An-angement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrar>gement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Anangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Bi-lithic Printhead Specification 



1.0 Basic Requirements 

by "Stitching" reticle images. 

tie n,«njc. nozzles have . hori^;^ r^^'^^'o^^iTl^Zmrj^Z^^ 
ketas 1600 dpi. 

The first nozzle of the right chip shoujd l.ve ^^^^^^^^^o^^^^^^^^ 
nozzle of the left chip for the same color row. There no u« 
same colour) scheme employed. 

1.1 Power Supply 

Vdd/VposandCJtotmdsupplyisn^e^ou^^^^^^^ 

o^tL length of the chips, but this will be revisited). 
1.2 MEMS cells 

,1 Bftr,T of enerev to fire, with a pulse of current for 

during this pulse. 
1.2.1 ISSUE!!! 

P„. , pages per 2 second. 0,-300 onn > ^^■^^^^^J^^T^^^'j:^^. 

time. That is about 8 An^eies if all nozzle fire. 

is 8 Ampere. U for only 1 eolowl 16A « 6 eclours = 96 A for aU colours. 
„<^manyco.ourscouldprinta..^samet^me.0^co^ 

<^ at the time axe required, to create map ^^^„f MmRed ink, 

g™und).B«.hefix«tveinkus^d^^^ 

TXt"coCs°'rn« CedTprSrSe same point a. the same time. 
Wi.hal38nozzles.,.U^r.rm,«^ 

memjet nozzle Will average (138 3.12 i5u;/iuuu ^ 



1.2.2 64um unit cell height 

™..e«wo..dhave4>i„espaci.gbe»een.heo«=.deven.o..and8Bne.p»ns 
between adjacent colours. 
123 80 unmnit cell height 

™sceUwouMhav.5«nespaci„Sbe™ee„*eoda»d»vcaa<«s,.ndlOUncsp.i>.. 
between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 urn unit ceU 

Left and Right Chip. Tins version will not be prototyped. 

1.3.2 6 Colour 160^ dpi with 80 urn unit ceU 

Left and Right Chip. 

1.3.3 4 Colour 800 dpi with 80 urn unit cell 

For camera application. Single nozzle row per colour. 
This version wUl not be prototyped. 

1.4 Air Supply 

AirmustbesuppliedtotheMEMSregion through holes in the chip. 

2.0 Head Sizes 

T Am. IT. 1. Head Combinations 



. . I ,»«<,/'/'"<iritch Parts" -in 18+104)*12. Nozzles per ro> 



is half this 
wafer layout, manages 



to avoid this set. without any loses 



3.0 Interface 

T//-k ,;««aic thnt Ae Left and Right versions might have a 



TABLE 2. I/O pins 



Name 
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SrClk 



SrClkL 
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I/O 



Fun ction 

Dot data for colours 0 - 5, using Ditferential Signalling 
(DataL the complementary signal), colouis[0-21 on 
DaialO], colour[3-5] onData[ll 



Feedback for CMOS testing {LSyncD-l. ReadL^) 
and {LSyncL^, 

0] ' nozzle test result 

1] - temperature 



Feedback for CMOS testing (LSyncL^l , ReadD-Q) 
and {LSyncL'^, ReadLr=0) 
01 -nozzle test result 
1] . temperature 



Dot data shift clock using Differential Signalling 
(SrClkL the complementary signal) 



I complementary signal of SiClk 



Data[0-l]/DataLtO-ll in output mode (driving non-dif- 
ferential) 

Fire pattern shift clock 



Pulse Profile for all colours 
0 - Capture dot data for next print line 



No' 



Yes 



Yes 



Yes 



b. 300 MHz clock, so edges are 600 Mhz rate 

c. 1 MHz cycle, but the tcsolutioii of the mark/space ratio may requue 50 ns. 



d. 1 0 kHz cycle, with minimum low pulse of 10 ns (no maxmium). 
controller (SOPEC). 
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3.1 Dot firing 

Tof«.nozzle.*rec.i^lsa«ne«..Ad<*aa.a.atosig„^-da^r..e.Whe„a« 
signals are high, the nozzle wUl fire. 
FIGURE 1. Print head stnictBre 
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FIGURE 2- Column Structure 
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selects the reverse directioi» fire register. 
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Dot Shift Register Orientatloii 



: head that form complete bi-liAic 



FIGURE 3- ^rtn* 
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Section A-A Through Even nozzles 
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• th. following data streams will need to provided. 
With this mappmg, the followmg oaut 
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I , I dot order 

I Size \ n-m 
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pulses (and 3I.+1 rising edges). 



FIGUKE 4. Data Timlag During Printing 
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FIGURE 5. Print quality 




th aot with all zero's in the fire select shift register 
ft) Printing every dot witn au zerw 



* dot with all one's In the fire select shift register 

b) Printing every n" dot witn a» «n 

CCCCCO^^^-'^-^'^^ .H««« one's in the fire select shift registers 

c) Printing every «* dot with « zero's then n one 

/^f nozzle at the same time staiting 
This is don. by firing 2 no^« ta^^J^ group ^ 3„j 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 

FIGURE 6. Fire and Select Shift Renter setup for printing 

J.,^ rogl6t:er 



.0000000 OOOlllllll-.* •1110000000 0001111111 111 select sbift rog 



The pattern has shifted a *r into the fire shift register eveiy n'* positions (where n is 
usually is a minimum of about 100) and n * 1 's, followed n *0's in the select shift 
register. At a start of a print cycle, these patterns need to be aligned as above, with the 
"1000,.." of a forward half of fire shift register, matching an n grouping of T or 
*0's in the select shift register As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of *r or *0's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n ' Ts (or *0's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 



. .1110000000. . . .0001111111 • . • •111 
I.e£t Print Bead Fire/8eleet 



be 



1111111. . . .1110000000 . . . .0001111111 
Rigbt Print Bead Fire/Select 8R 



Since the two chips can be of different lengths, it makes initialisation of these pattern 
difficult. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, nlen(1 4) and count(14) and b{1). These registers are 
loaded serially through DatafOJ, while LSyncL is low, and ReadL is high with FrClk. 

FIGURE 8. Fire Pattern Generation 




M fire shift register 

clocked by fsclk a gated h>Clk 



select shift register 



clocked by SelOk a gated FrClk 



The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last 
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The following table shows the values to programme the bi-lithic head pairs using a fire 
TABL£ 4. Head Combinations Initialisation for /i=100 



Nozzles 
La 


Nozzles 
Lb 


nlen(A&B)"- 

M-l 


county^ = 
(La/2) mod n 
-1 


bA 


be 


(Lb/2) mod n 


' counts = 
(L^-LB+rem) mod n 
.1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



and once the registers are initialised with LA FrClk cycles (ReadL='0', LSyncL='r). 
rem would be the correct value for counte if chip B was only clocked (FrClk) Lg 
times. But this chip will be over clocked L^-Lb cycles. The values of and bg are 
either tfie same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. If (JL/J2n) is even (and county is non zero), then the final 
run in 'A's select shift register will be !by^. If (L/^^-Lb/2) mod n is even (and counte is 
non zero) then the final run in *B*s select shift register will be lbs. 



FIGURE 9. Determining Select Shift Register value 

Head A 



La/2 select shift register lengtli 



HcadB 



II 



^ Lb/2 select shift register length 



1^ countB-t-l 
V^bB 



3*4 Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattem depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the fine is printed in 8 cycles of FrClk. 
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FIGURE 10. Timing for printing Signals 
LsyncC jj " 

ReadL ~ ^ 




3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL, As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Noimai Print Mode 


SiClk«Srak/3 

frclk=FiClk 

Seiak=0 

FsClk=FiClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result 




1 


0 


Fire Load Mode 

• DatafO] will shift through nien, count and b with 
FrClk 


SrClk=X 

frclk=X 

SelClk«X 

FsCIk=FrClk 

Scan=l 

CoreScan^X 
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TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


0 


I 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SrCik=SrClk 

FrClk=FK:!k 

SelClk=FrCIk 

FsClk=FiCIk 

ScanH) 

CoreScan^"! 


0 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on Data [0-1 ] with SrClk 


0 


I 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
Data[0] with FrClk. The sum of these bits represent 
the temperature of the chip. 


SrClk=X 

fTclk«=0 

SelClk==0 

FsClk=0 

ScanH) 

CoreScan=X 


0 


0 


Nozzle Test Output 

• The result of a nozzle test is output on Data[l ]. 



3.5. 1 Printing 



Figure 10 shows show timing for normal printing. During this action, we drop out of 
Normal Print ModCy to Dot Load Mode between line transfers. For printing to perfonn 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nien, count and b are serially shifted from Data[0] clocked by FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
time. Once this is done, mode is changed to Fire Initialise Mode, and fiirther jp'rClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent unintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 
LsyncL 



ReadL 

DatBAlO] ( bA, lnen[13-0], counn<K13lA ) - 



DataeEO] ( h^, Inenjia-O], coMnt[0-13lB ) - 
SrClk " 



FrCik 



fUUUI 



Pr 



juinii 

< — 



iML 



■> LACycica 



Fire Load Mode 



Fire Initialise Mode 



3.53 Nozzle Testing 

Nozzle testing is done by firing a single at a time a monitoring the DatafJJ pin in the 
Nozzle Test Output mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 

FIGURE 12. Nozzle Test Latciiing Circuit 



Testout 




This circuit is initialised when ever LSyncL is high and ReadL is low {Reset Nozzle 
Test mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low (Nozzle Test Output 
mode) the Testout of the first nozzle column is output on DataflJ. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition firom high to low. 
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FIGURE 13. Nozzle Testing 



LsyncL 

ReadL 
Data[1] 

SrClkj 
FrClkl 



Pr 



Set up Test 



Reset Nozzle Test Mode 



JL 



Nozzle Test Output 
Mode 



Setup 
Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101,.. for the odd nozzles (0*s for all other colours), and set up a 
fire pattern with n = La/2. With this fire pattern only one nozzle will fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a smgle FrClk will advance to next 
nozzle, then Reset and Test, After LjJ2 cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
La/2 cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 

3*5.4 Temperature Output 

This mode is not well defined yet. In this mode, DatafOJ will output a series of ones 
and zeros clocked by FrClk. After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocldng frequency in this 
mode it expected to be in the range lOkHz • IMHz. 
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FIGUR£ 14. Temperature Reading 
LsyncL | 



ReadL [_ 
Data[0] — Q 
SrClk 




The Frequency of FrClk and the number of cycles need to be progiammable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 

3*5.S CMOS Testing 

CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data [0-1 J pins. 
Much like the nozzle test mode^ the nozzles are fired while LSyncL is low, but during 
the firing SrClk will be cycle, and the dot shift register will load the signal that 
woiild fire the nozzle. Once capture, the result can be shifted out 

FIGURE 15. CMOS Testing 

LsyncL ' 



ReadL 



Data 



SrClk||g^ 


n 










Pr 






Set up Test 


Dot Load Mode 


CMOS Test Output Mode 



The Dot Load Mode above violates nonnal printing procedure by firing the nozzles 
(Pr) and modify the dot shift register (SrClk), 



Bi*Uthic Printhead SpccificatiOD 



Confidenttftl SiJverbrook Resevcb, 4 September 2002 



14 



4.0 Reticle Layout 



To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 

FIGURE 16. Reticle Layout 




The top edge of Area 2, pad end contains the pads that stitch on bottom edge of Area 1, 
CORE. Area 1 contains the core anray of nozzle logic. The top edge of Area 1 will stitch 
to the bottom edge of itself Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area 1. The butt end to iised to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2, Area /, 
Area 7...., Area 2. Only the PAD end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the butt end on the wafer. 
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FIGURE 17. Stepper Pattern on Wafer 




4.1 TSMC U-Frame requirements. 

TSMC wai be building us ftames 1 0 nun x 0.23 nun which wiU be placed either side of 
both Area 1 and Area 2. 

must be used. 
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1 Introduction 



1,1 Document History 









1.6 




Simon waimsiey 


UpUaiOU S^iMfJr^ w.-r--- — • 

cols document got rid of 68k reference now 
thai we are using LEON. 


1.5 


26 November, 2002 


Simon Waimsiey 


Added description of storing more than a sin- 
oiB SoPEC id kev In a PRINTER_QA (In sec- 
lion 3.5.3 and related). This reduces the cost 
of a muttl-SoPEC system with no loss of secu- 
rity. 

Also added text to describe Wat batch keys 
can be different for each SoPEC If the indirect 
upgrade key protocol Is used. 


1-4 


9 September. 2002 


Simon W^lmstey 


Added section In requirements detailing types 
of attacks we care about and don't care about. 


1.3 


30 August, 2002 


Simon waimsiey 


^ft..M«Mk#i onmOn f^PM y^uoc variables into 
Cnangeo comwo^v/civi^AAAA v»ioi*»«?«» i.iw 

simply xxxx variables, since that Is nwre 

generic. Added text regarding ink refill. Added 

extra software authentication stage to prevent 

ComCos from fkldllng with SoPEC software. 


1.2 


29 August. 2002 


Simon Waimsiey 


Added section on how the PRIN 1 tK.QA chip 
gets programmed with the SoPEC Jd^key. 


1.1 


26 August 2002 


Simon Waimsiey 


Updated to have Ink and operating parameters 
t>e authenllcaled via symmetric key based sig- 
natures based on a unique SoPEC.ld. 
Updated after review. 


1.0 
0.2 draft 

0.1 draft 


27 August 2002 
26 August. 2002 

26 August 2002 


Simon Waimsiey 
Simon Waimsiey 

Simon Waimsiey 


Changed pubfic-key and private key refer- 
ences to asymmetric & symmetric respec- 
tively, so private can now sub-refer to the 
private key of the asymmetric pair, or the sin- 
gle private symmetric key. Changed OEM Jd 
into ComCo.OEMJicenseJd to more accu- 
rately refled the scope of the W. 
Initial issue. 



1.2 References ^ . 

[1] Silicon &Soft>^aK Systems. 4-4-9-4 SoPEC Hard^^ Design. 

[2 Silverbrook Researeh, 4-2-1-1 Print Engine Controller Hardyvare Design. 

[31 Silveibiook Research. 4-3-1-2 QA Chip Technical Reference. 

[4] SilveArook Research. 4-3-1-8 QA Chip Programmer Requirements. 

[5] Silverbrook Research, 4-3-J -26 Authentication Protocols. 

1.3 Scope 

This document describes the basic security requirements of prbgrarns nmmng on the 
SoPEC ASIC [IJ. It then describes an implementation solution to the security require- 
ments. 
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*u A^.;r^ ftf the SoPEC ASIC as well as implying key 
ated authentication protocols [5]. 

document 
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READERSHIP 

Tlus document is written for software engineers and f^^^f 

SoPEC as well as PCB designers that are responsible for SoPEC-based wint 
SSnS A sinSar ^dirnce wor«ng on PEC and PEC-based Print Engines may also find 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding leqmrements. 

•nus document is confidential to SilveArook Research ^^^td «.d ch^«ribution out- 
side this organisation amL be covered by a non^iisclosure agreement (NDA). 



QA Chip TfeRMINOLOGY 

The Authentication Protocols document [51 refers to QA Chips by their function in paitic- 
ular protocols: -i< • u r\A 

. For authenticated reads, ChipR is the QA Chip being 

Chip that identifies whether the data read from ChipR can be trusted. 
. For replacement of keys. ChipP is the QA Chip being P"8n««ned v^^c n^^y. 

and ChipF is the factory QA Chip that generates the message to program the new key^ 
. For up^ of data in memory vectors. ChipU is the QA Chip bemg upgraded, and 

Chq>S is the QA Chip that signs the upgrade value. 
Any given physical QA Chip will contain functionality that allows it to operate as an 
entity in some number of these protocols. 

as defined in [5]. 

PfSW.QA. and wUl be on a separate bus to the INK_QA chips. 
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Requirements 

Security 

The basic fimctional security requirements are: 

. SUverbrook code and OEM program code co-existing safely 

. Silveibrook operating parameters authentication 

. OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 



The auUientication requirements imply^at: _ ^^^^^^^ 
• OEMs and end-users must not be able to replace or «mp 

with the exception of operatmg system peraaittea unw pins 

code. The execution model f^^^^^f^^^^ controlling the print engine 
forms an operating system (0/S). P"^'*^* X^The OEM program code must run in 
pipeline, interfeces to commumca^onscha^el^^^^^^ 

activated. 

♦ for SoPEC is a form of protertion management, whweby Sil- 
be restricted to Silveibrook program code only. 
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3bU » bypass '^'-X^rS.t M°.^'s°S: 
prograni code. 

However, the OEM xnust be capable of -mb^l^e t^g the Print En^ne at the 
upgraded status before selling the Print Engine to the end-user. 

a OEM operating parameters authentication 

of OEM2 printers can only use OEM2 ink. 

. - , c «f >w,th OEM, and OEM, that end-users cannot subvert the authentica- 

? 2 ACCEPTABLE COMPROMISES 

c«le etc. It is impossible to guard against such an attack. 

we are reaUy o.y concerned ^^^S^'J^^''^^^^ 

of printer operating parameter ^"li^ SLed by one that can be down- 

Jh an attack is whei* the Sil-tbrook pnx^^^^^^^ ^^^^ 

loaded from the ^^^^'^t'^'^^XSZ S a hack« or by a rogue OEM is 

of the license agreement. 



I. a franking machine prims stamps 
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of a legitcmate upgrade. 

p^„. shCd »«M OHMS » ^-^'is'srs:.- 

rity. 

2.3 IMPLEMENTATION CONSTRAINTS „^ «iso meet certain implemen- 

A„ysolutiontotherequirementsdetailedmSect.on2.1 must also meet certain 

tation constraints. These are: 

• No flash memoiy inside SoPEC 

• SoPEC must be simple to verify 

. Silverbrook program code must be updateable 

. OEM program code must be updateable 

. Mustbebootable&omactivityonUSBorlSI 

. NoextrapinsforassigninglDstosaveSoPECs ^^^^^^^^^^^^^^^^ 
. CannottrustthecommschanneUoti.eQA^pm^ 
. Cannot trust the cotrans channel to the QA Chip m me I 
• Cannot trust the ISIcomms channel 
These constraints are detailed below. 



few bits 

2 3.2 SoPEC must be simple to verify ^ ^^^,^^1 

effort and increases risk. 

. finished in time for SoPEC manufacture 
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Therefore the complete Silverbrook program code must not pemmnentiy r«ide on 
Spec it mtist be possible to update the Silverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or ^i^^ ^ 
Lbert^e^^ng SoPEC users can download new embedded code to enable fonction- 
^'^^V. these same users would be obtaining these updates from the 
Om. website or equivalent, and not require any interaction with Silverbrook. 

2 3 4 OEM program code must be updateable 

Given that each OEM will be writing specific program code Printe« ti^ SeC 2 
been conceived, it is impossible for all OEM program code to be embedded m SoPEC at 
the ASIC manufacttire stage. 

Since flash memory is not available (see Section 2.3.1). OEMs cannot store their program 
^^Tin'n "top fl^h. While it is theoreticaUy possible to store OEM program code m 
^M on SoPEC. this would entail OEM-specific ASICs which would be prohibitively 
expensive. Therefore OEM program code cannot permanently reside on SoPEC 

Since OEM program code must be dowiJoadable for SoPEC to execute it ^^^^^ 
forbe possibleVupdate the OEM program code as enhancemems to fimctionahty are 
made and bug fixes are applied. 

In the worst case only new printers would receive the new fimctionality or bug fixes. In 
t;ebjS.^sting's;^^us^ 

Sity or bug fixes. Ideally, these same users would be ?»btauung th«^«pdates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2 3 5 Must be bootable from activity on USB or ISI 

SoPEC can be placed in sleep mode to save power when printing is 

not weserved in sleep mode. TTierefore any program code and data in RAM will be lost 

How'^^pS:r^be capable ofbeing woken up from the host When It IS time to prmt 

again. 

In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Ma^er 
S5 (eTthc ISI Master couldlbe SoPEC. and the comms is USB), and can send messages 
to ot£r slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
tbe slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
the ISI. 

2 3 6 No extra pins to assign IDs to slave SoPECs 

In a single SoPEC system the host only sends data to the single SoPEC. However in a 
LtiSEC system, each of the slaves needs to be uniquely identifiable m order to be 
able for the host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) ^^^J^^^^^/^^J '^'^^^ ^ 
(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be identical. 
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2.3.7 



2.3.8 



2.3.9 



a design goal of SoPEC is to miMHUze pins fo, i„,er-SoPEC communica- 

features only used in multi-SoPEC systems. We have 2 pms tor rni 
tions. and further pins would add to the cost. 

^edesi^constraintre^^n^entut,^^^^^^^^ 

cannot tn.st the comn,s channel tp the OA Chip in the printer (PR.NTER_(^^ 

. ^ ^^Tneters are stored in the non-volatUe memory of the Pnnt 

If the Printerjper^gP^^te^^^^^^ STsilverbrook and OEM program code cannot 
Engine's on-board PRINTEIL.QA cmp. oossible for an end-user to replace 

relv on the communication channel bemg secure. K is possioie iw 
^e'p^N?^A chip or subvert the communications channel. 

cannot trust the comms Channel to the OA Chip .n the ink cartridges (.NK^^^^^ 

amount ofi^r^ning^r^^Si;.^!^^^^^^ 
ory of that ink cartridge's INK.QA «=^P;^^°*Jr secure. It is possible for an 

C-oo. «.« .h. ISl comm. _ ^ . „.4JSB o«n~c««, » 

man-in-the-middle attacks). 
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Proposed Solution 

A proposed solution to the requirements of Section 2. can be summarised as: 

• Each SoPEC has a unique id 

• CPU with user/supervisor mode 

• Memory Management Unit 

• SoPEC ISI identification 

1 EACH SoPEC HAiS A UNIQUE ID 

c^PFr id of minimum size 64-bits . This 
Each SoPEC needs to contains a umque ^^^^-'f J* T^. c^p^c id key. 
^PECJd is used to foim a symmetric key umque to each SoPEC. SoPEC_ui_j^ 

The verificationof operating parameters and ink^J^^^ 

U is important to note that in the SoPeS U 

^d^r^srL"a^;re.^^ 

, . .deai that -''f ^ ^^^^^^^^ 

srsrc=rSis"ry^2Si^ots^^^^ 

3 2 CPU WITH USER/SUPERVISOR MODE 

V8 instiucdon set). 

^ -.^ ^«.«r»fn c^de will run in superwsor mode, and all OEM 
Silverhrook (operating system) program coae wui run 1 f 

program code wiU run in user mode. 

3.3 MEMORY MANAGEMENT UNIT 

SOPEC contains a Mernory M^geme.. Um. (J^^^^^ 

DRAM by defining read, write and e'«^'=^*.^«/f P^^^^^^ pLission settings. 



\ . On roM's CUl 1 process this chipld is 80 bits. 
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mitted. 
DRAM- 



block will detennine how tfie access IS restricted, 
dereferencing to be trapped. 

With respect to the DRAM and P^P suhsy.e^^^^^^^^ 

read/write/execute mode I^'^^^"^*^ P«Sam and 0/0/0 elsewhere. By 

for OEM program data. l/O/l for ^^'"^^^^^ S^t^exc^jute permissions for this 
contrast we would typically set ^-P^vl^^^ m sup^or mode), 
memory to be l/l/O (to avoid accidentally executmg user c 

/ % n should only be accessible in supervisor mode, 



access. 



•1 A Specific entry points in O/S 

implementation for this depends on the CPU. 

mode The TRAP handler dispatches the service request, ano in 
user mode. 

t. 11 n/^ to orovide services that filter access - e.g. a 

updates occur. 

to call user mode code. Th«e are a number 
The LEON also allows supervisor mode code to «ill user mo 
of ways that this functionality can be miplcmented. 
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3.5 BOOT PROCEDURE 
3.5.1 Basic premise 



Th. intention is to load the Silverbrook and OEM program code down into SoPEC s 
ating parameters. 

We perform authentication of program code and data using asymmetric cryptography and 
without using a QA Chip. 

Assuzning we have already downloaded some daia and a leO-bit signature mto eDRAM, 

the boot loader needs to perform the followmg tasks: 

. «*M^«rtn <;ha-1 on the downloaded data to calculate a digest localDigest 

asvmmetric public key to obtain awf^meiiDigej/ . . 

passed to the downloaded data 

probed and the security is compromised. 

The procedure requires the following data item: 
• bootOk^ = an#i-bHasymmetiiepubUckey 
The procedure also requires the following two functions: 

. SHA-1= a function that perfomis SHA-l on a range of memory and returns a 160-bit 
. JSpt - a fimction that performs asymmetric decryption of a message using the 
passed-inkey . ^ « u-. 

Assuming that all of these are available (e.g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



localDigest SKA- 1 (data) 
'^LorizedDioest ^ decrypt <slg. bootOKey) 



aucnorizeaija.vc»«- - --^ 

if (localDigest = ^t^stirt address// will never to return 

jtjxnp to program code at data-starc aaax^es 



Else 



// program code is unauthorixed 
Endlf 



from some hacker in Norway). 
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c / ^(UR bit kev is required to match the 160-bit synunetric-tey security 
mthe case of RSA. t^'^^^'lp^SA^ey length of 132 bits is likely to suffice, 
of the QA Chip. In the case of ECDS A. a Key wngm 

* ™.itinle kevs in SoPEC and having the external 
There is also no advantage to stonng ^^^^^^ a compromise of any key allows 

bootOkey secure, 
ify and characterize. 



3.5.2 



Hierarchies of authentication <,.,„^^«v o/S code needs to be 

Given that test programs, evaluation P^^S-^^' r^^^^^t^^e^S. it J secure to 
Sitten and tested, and OEM P-^ St^TcombtSglil" *nK>lc O/S. non-O/S. 
have a single authentuation °f » ^"^^^^^^^^^t QEM's^gning SUverbrook program 

code. 

««te comalM «» key '» •"i'""**^ 

etc. customizing the Print Engine for a given OEM 

the print engine fimctionaUty) and the <^?"^^'^^otey key. The print engine 
,h» print engi™ """J^j^S "ouM obtain «iJid pri.1 -"ees. 
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crate as many of these operating parameter blocks for any numl«r of Print Engine 
Licenses.butcannotwriteorsignanysupervisorO/Sp™graincode. 

•n,v. r>PM would ecnerate datasetS, consisting of dataseti plus dataset4. where 

The OEM can produce as many versions of datasetS as it hkes ce.g. lor tesang v 
poses or for updates to drivers etc) 
The relationship is shown below in Figure I. 




datasett 
(supplied to 
ComCo) 



datasGt2 



dataseta 
(supplied to 
OEM) 



datasat4 



(suppBed to 
end-user) 



Figure 1. Relationship between the datasets 

J - *c cn.ppr itcHf validates ^/oroje^^ via the too/Ofeymiech- 
^"^t^CTL^ioXs ^ otTilf r/tt-cuting. it validates aau.e,2 and 
'^a^^^^^'^etA. Tlte validation hierarchy is shown in Figure 2. 

{ SoPEC boot rom 
I c«nctudesbootOtoy public toy) ^ 



vafidatlon via booCOtey 



I datasetl: operating system 
I (inohidesCofflCo public toy) 



validation via ComCo toy 



tfata8st2: operating paims 
Ondudee OEM public toy) 



validation via OEM key 



ciataset4: OEM program code I 



Figure 2. Validation hierarchy 
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private key is compromised, then the ObM program cou 

promise of fcooiOfcey compromises fixsotiline up to SoPEC itself, and wouia req 
mask ROM change in SoPEC to fix. 

private key paired to bootOkey secure. 
3 5.3 Authenticating operating parameters 

and OEM operating parameters. Both sets "^P^^^J^ This aUows the printer to 
ment of host O/S drivers etc 

On PRINTERO A. memory vector Mo contains the upgradable operating parameters, and 
^.^^^U^Zls any c^^tant (non-upgradable) operating parameters. 

considering only SUverbrook operating parameters for the moment, there are actuaUy two 

'^^^^'"..setting and storing thcSilveri,rook operating paiameten^.wWchshouldb^ 

authorized only by Silveibrook 

..Lling the paLieters into SoPEC. -^^^^'^^^l^^^^'' 
*eSi on Sie PRIOTER^QA chip since we don't trust PRINTCR^QA. 

The PRJNTER^QA chip therefore contains the following symmetric 

T^^r id kev This key is unique for each SoPEC (see Section 3.1). and is 

* So:n^S^ol^o^S-fpRIK^ 

anything- _ ^ - , 

M It is onlv used to authenticate the actual upgrades ot tne 
Ko is used to solve problem (a). It is only usea lo a .^^^ upgrade protocol 

ing as the ChipS. 

K, is used by SOPEC to solv^^m l™^^^ 

operating paiameteis) ^^J^^^^^p^^^T^g as ChipR. and the embed- 
cated read Pro'o'^iff^^^ftpK:' ^^nr^fS^ iie^enticatJd read protocol [5] 
ded supervisor ^^^^'^^jfj^^'^S a ps^do-random number. This creates ^e 
requires the use of a j '/l„ppc that is not readily determinable 
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s^j:^Zs^r*^oS; pLnte^.qa, or »-» ^ =«« .» 

S alSSS: sup^visor cod. so <l»t S.P£C.« Is n« 
part of Mo- 

,«*i,»,.K,,«v„,«.d...b.toow.b,»y<»»ox.opt,h.S.FEC«K.I'RIKTER.QA. 
extra keys (multiple SoPECJdJceys) to a single PRINTER_Q A. 

However, if ink usage is aot being valid^ed (e.g. if taTSS Q A^S^ 

upgradable ^^-^^ ^^ll^^^^^^^^^ *e 
contains the appropriate SoPEC_td_key. ^f^^ ^^j^ t^e first (or only) 

physical motor speed (different moto^ per OENO ^^7^^" r^^es at a partic 

ftont-page SoPEC can be pro^^ed to ^fP^^^^^^ « ^e Pffl wo^d genS^e a 
ular t^. If line syncs anived fest« than the p^^^ ^^^^d Sck«^d to be fest. the 
buffer undemm. This would mean that even if the motor speed was nacKea 



print will tenninate. 



3.5.3.1 OEi^assemtiylinetest ^^l^de su^ 

As described in Section Sdve^oo^ operaong pa^ ^^^^ ^ 

stored in the PRINTER_QA as described in Section 3.5.3. 

f«Lt set of operating parameters i.e. a maxmiaUy upgraded Pnnt Engine. 

would be performed. 

SSmachine (e.g. over a net). Neither approaches are good. 



7~~; '^hlv line testing mthcr than development testing. An OEM can maximally upgiade a 
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•«i ^^ct^T PRINTER OA for testing, then we must make use of special 
test requirements of the OEM. 

would not want the OEM to have such a program. 

Ui«wi«, if . prog™, ody ^-^^^^ S^.'Si^nTL'' SnS 

gets out into the public, the user can only print blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

OEM test patterns cannot be printed 
b A vcRion of the O/S that prints garbage in special places over the test image. 
AgTthe L the disadvantage that special OEM test patterns cannot be 

c niSon of the O/S that reads and decrements a DecrementOnly value in 
?i^?S!qA If the value before successful decrementing ,s non-zero, then 

have been printed. The number to be stored m the PRINTER_QA 
PRINTER_QA customization may only need to be i or 

pZtcd at full upgrade capability, and power must stay on while domg so. 

-iSd UseofaPrintEngineLicenseld 

Silverbroo. O/S prognun code contains the OEM. asy^^^^^ 

the subsequent OEM program code .s authentic - '^^.^^^^'J^ f^ different OEM's 
SoPEC only contains a single root key. .t « theore ically possible ^r a, 
applicatio Jto be run identically p/y^icoi Pnnt Engmes ,.e. pnnter dnver *J i 
on an identically physical Print Engine from OEMj. 
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same time as the other various PRINTER_QA cu^omizations are being applied, befoxe 
being shipped to the OEM site. 

I. this way. the OEMs can be sure of differcnriating .hem«.lves through software fuoc 
tionality. 

of dots printed for each ink. 

LkUsageLicenseJd, etc. This infoimation is typically constant, ana 
be stored in Mi+ within INK_QA. 

--,~«AtArs are validated by means of PRINTER^QA, a 
Just as the Print Engine operating P"T^^! JlHS^tion with specifically licensed 
given Print Engine li<^se may la valid set oTink types, colors. 

TNK.QA. 

• . -4^ A^«^tv.*.TNK OA^bothintermsofinkparame- 
SoPEC must be able to authenticate reads from the INl^.t^^, do 

tere as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts ^outmtfu OA 

. authenticateinkusageandinkpaxametersvialNK-QA^^^^ 
. broadcast ink dot usage to all SoPECs in a mult.-SoPEC system 

3.5.5.1 restrict access to dot counts ' p^^. access to these 

sut..n.cst..n.us.,esndln..sr..^^^^^^^ 

The basic problem of auth«itication of ink rem.mng other -"k ^ta bojls ^^^^ 

problem that we don't tmst ^^'^-^^'l^X?^ taow that after a write to the 
of ink (or the ink parameters), and how can a SoPEC Icnow 
INK QA. the count has been correctly decremented. 



3.5.5.2 



INK^QA. 

We cannot write the SoP£C_W_t«y to the INK_QA for two reasons: 
T updating keys is not power-safe (i.e. if power is removed m.d-update. the INK_QA 
could be rendered useless) 
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not know the old SoPEC Jdjcey (knowledge of the old key is tequi 
change the old key to a new one). 
The proposed solution is to let INICQA have two keys: 

permissions to the ink remaining regions of Mo on INK_QA. 

pcimiss o constant for all ink cartridges for a given ink 

. K, = UseInklAcense_key. ^^i!^^^ 5^^^- comCo (this is not the same key 
usage agreement between an OEM and a ^ ^ no write 

as PrintEngineLicer,se_key which is stored as m PRINTER-QA}. k, nas 
permissions to anything. 

and refill the amount of it*). Upgrades P«™™f '' upgrader acting as 

(e.g. in K2), also vdth no write pennissions. 

This means there are two shared keys, with PRINTER.QA sharing both, and thereby act- 
ing as abridge between 1NK.QA and SoPEC. 

. a../„«^ce«e_teyissbaredbetweenINK_QAandPRINTER^QA 
. ScF^C.W.itey is shared between SoPEC and PRINTER_QA 

AU SoPEc'ha; to do is do an authenticated re^^^^^ ^^l^f sl^^'aTti^^fSt 
ture to PRINTER_QA. let PRINTER.QA ''f^^^^'^J^^'^^u key. SoPEC 

^nf rirSon^ -S^- the SoPEC). and if the signatures match, the data 
from IhfK_QA must be valid, and can therefore be trusted. 

once the data from INK_QA is known to be tn^^ the amount of i J -^J"^^^, 
checked, and the other ink Ucensmg parameters such as u _ . 
InkUsageLicenseJd can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are: 



KEYl 

KEY2 «- 2 



1 /, Simple constants to specify Which Key to use when signing 



^£Tr™..e3.,.^a. K .... SXO... 

SlOsOreC HMAC_SHA_X (RpRINTB. I RsOrEC 1 WlN.^' 

If <(SIGp„«« 1= 0> AND (SIGpRXKTO = SIGsorec)) 

If (M,«,.inkRen«iining = cxpecLedinkRenu^ining) 
// all is ok 
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// the ink value is noc what we wrote, so don't print anything anyinore 
Endlf 

^^*// the date read from IHKjQA is not valid and cannot be trusted 



Endlf 



Strictly speaking, we don't need a nonce (RgoPEc) ^ "^""^e Ma (containing 
the ink remaining) should be decrementing between authentications. However we doneed 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the WatchDognmer at the receipt of the first page is 
acceptable. 

In summary, the SoPEC performs the non-authenticated write [5] of ink remaining to (fee 
INK^QA chip, and then performs an authenticated read of the data via the PRINTER_QA 
as per the pseudocode above. If the value is authenticated, ead the rNK_QA ink-remain- 
ing value matches the expected value, the count was conectly decremented and the pnnt- 
ing can continue. 

3.5.5.3 broadcast ink dot usage to all SoPECs in a muM-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to a printhead (4 at most) must broaekast 
its ink usage to all the SoPECs. In this way. each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are turned into 0 ink usage by the man-m-the-middle). 

A single SoPEC performs the update of ink remaining to the INK_QA cju^j^d *en all 
SoPECs perfonn an authenticated read of the data via the appropriate PRIKreR_QA (the 
PRINTERQA that contains their matching SoPEC Jdjcey - remember that multiple 
SoPEC id keys can be stored in a single PRINTER.QA). If the value is authenticated, 
and the"lNK_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts arc not received, or have been tampered with, the updated ink 
counts will not match. The only case this does not cater for is if each SoPEC is tncked (vw 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the fact that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC. it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - weU within the 2 seconds/page pnnt time. 

3.S.6 Example hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 
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Adding an extra bootloader step to the example from Section 3.5.2. we can break up the 
contents of program space into logical sections, as shown in Table 1. Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1. Sections of Program Space 





SfiiimSiMfflll 




0 

(ROM) 


boot loader 0 
SHA-1 function 
asymmetric decrypt function 
bootOkey 


section 1 via bootOkey 


1 


t)Oot loader 1 
SoPeC.OS_pubttc_key 


section 2 via SoPEC_OS_public_key 


2 


Silverbrook O/S program code 
function to generate 

Basic Print Engine 
ComCo_publfc_key 


sectton 3 via ComCo_public_key 

section 4 via OEM_pubtic.key (suppfied in sec- 
tion 3) 

PRINTER.QA data, which incfudes the 
PrintEngineUcense.kl. Siivert)rook operating 
parameters, and OEM operating parameters (all 
authentfcated via SoPEC.kl^key) 


3 


ComCo license agreement operat- 
ing parameter ranges, induding 
PrintEngtneLicense_id (gets 
loaded into supervisor mode sec- 
tk)n of memory) 

OEM.put)lIc.key (gets loaded into 
supervisor mode section of mem- 
ory) 

Any ComCo written user-mode 
program code (gets loaded Into 
mode mode section of memory) 


Is used by section 2 to verify section 4 and 
range of parameters as found in PRIIsrHER^QA 


4 


OEM spectftc program code 


OEM operating parameters via calls to Silver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What \f the CPU is not fast enough? 

In the example of Section 3.5.6, every time the CPy is woken up to print a document it 
needs to perform: 

• SHA-1 on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHAl generation per 512.bits of Silverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-1 and HMAC process will be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap form of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authorizedDigest which means that the 
boot procedure now is: 
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«loiiCPa_bQOCloadarO(data, sig) 

localDigesc <- SHA-l<data) 

It (localDigest = previouslyStoredAuchorizedpigest) 

juR^ to program code at da to -start address// will never to return 
Else 

author izedOlgest <- decrypt (sig. bootOkey) 

l£ (localDigest e author! zedDigest] 

previouslyStoredAuthorizedDigest 4- author IzedDigest 

jump to program code at data -start address// will never to return 

Else 

// program code is unauthorized 
Endlf 



This procedure means diat a reboot of the same authorized program code will only require 
SHA-l processing. At power>up, or if new program code is loaded (e.g. an upgrade of a 
driver over the internet), then the full authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
is loaded. 

The question is how much preserved space is required. 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant kteping the full digest. 

However each level of boot loader requires its own digest to be preserved. This gives a 
maximum of 20 bytes per loader. Digests for operating parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data» although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/ISI. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 (or garbage) means the 
digest won*t match and therefore the authentication will occur implictly. 

3-6 SoPEC ISI IDENTIFICATION 

At power-up, the host can send targeted data to the USB-connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPEC's ISI. 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it. Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro- 
priate asymmetric private key) will, among other things, set the slave SoPEC*s ISI id If 
there is only 1 slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a dififercnt 
set of connections on GPIOs. For example, one SoPEC maybe in chaise of motor control, 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settmgs arc mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
Oeft or nght). We can conveniently use the second printhead connection pins (temperature 
and test) to form an [Slid. 

This scheme of slave SoPEC identification does not introduce a security breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
pnntouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. • 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (c,g. by using ethemet-Hke protocols), the ISI id needs 
to be very much ^physical identity scheme. This is because diese SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up QA Chip keys 

In use, each INIQ.QA chip needs the following keys; 

• = SupplylnkLicenseJcey 

• K] = Use!nkLicense_key 

Each PRINTER^QA chip tied to a specific SoPEC requires the following keys: 

• Ko = PrintEngineLicenseJcey 

• y^x^SoPECjdJkey 

• K2 = UselnkLicenseJcey 

Note that there may be more than one Kj depending on the number of PRINTER^QA 
chips and SoPECs in a system. These keys need to be ^propriatcly set up in the QA Chips 
before they will function correctly together. 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys arc as 
follows: 

• Ko = QACo_ComCo_KeyO 

• ^x'^^'QACojComCo^Keyl 

• QACojComCo_Key2 

• y^z'^QACojComCo^KeyS 

All 4 keys are only known to QACo. Note that these keys are different for each QA Chip. 

317.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads. OA Chins 
PECs or SoPECs. PCBs etc. ^ ^ 
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In addition, the ComCo must customize the INK_QA chips and PRINTER^QA chip 
CD-board the print engine before shipping to the OEM. 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK_QA 
and PRINTER_QA) 

• setting operating parameters as per the license with the OEM 

3.7.Zi Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows programming of the various 
keys (except for K{) in a given QA Chip to the final values, follovwng the standard 
ChipF/ChipP replace key (indirect version) protocol [5]. The indirect version of the proto- 
col allows each QACojComCoJCey to be different for each SoPEC. 

In the case of programming of PRINTER^QA's Kj to be SoPEC Jdjcey, there is the addi- 
tional step of transferring an asymmetrically encrypted SoPECJdJcey (by the public-key) 
along with the nonce (Rp) used in the replace key protocol to the device that is functioning 
as a ChipR The ChipF must decrypt the SoPECJdJcey so it can generate the standard 
replace key message for PRINTER^QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asymmetric key pair held in the ChipF equivalent^should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INK^QA and PRINTER_QA) 
are only known to the QACo. The OEM only uses QIDs and QACo supplied ChipFs. The 
replace key protocol [5] allows the programming to occur without compromising the old 
or new key. 

3. 7. 2- 2 Setting operating parameters 

There are two sets of operating parameters stored in PRINTER_QA and INK_QA: 

• fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to Mn. via a QID [4], and permission bits set such that they are RcadOnly. 

The upgradable operating parameters can only be written to after the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 

This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
lithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
PEC I [ 1 1 printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASIC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Memjet printing systems, introduce the components that 
make a bi-lithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 duplex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specifi- 
cation[l ] written by Silverbrook Research. 
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4 Nomenclature 



4.1 Bi-uTHic Printhead Notation 

A bi-lithic based printhead is constructed from 2 printhead ICs of varying sizes. The notation M:N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. 

Section 35 Memjet Printhead contams a description of the bi-lithic printhead and related terminology. 

4.2 Definitions 

The following terms are used throughout this specification: 

Bi-lithic printhead Refers to printhead constructed from 2 printhead ICs 

CPU Refers to CPU core, caching system and MMU. 

ISI-Bridge chip A device with a high speed interface (such as USB2,0, Ethernet or IEEE1394) and 
one or more IS! interfaces. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 

The ISIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (ISI) bus. The ISIMaster interfaces directly with the host, 

Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus, ISISlaves can only respond to communication initiated by the ISIMaster. 

Refers to the LEON CPU core. 

The Line SyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infixed ink). 

Refers to Print Engine Controller version 1, precursor to SoPEC vised to control 
printheads constructed from multiple angled printhead segments. 

Single MEMS IC used to constmct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a system. 

Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes infonnarion about its position and orientation which 
allow it to be optically located and its data contents read. 



ISIMaster 

ISISlave 

LEON 

LineSyncMaster 

Multi-SoPEC 

Netpage 

PECl 

Printhead IC 
PrintMaster 

QA Chip 
Storage SoPEC 
Tag 



4.3 Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CPU Contone FIFO Unit 

CPU Central Processing Unit 

DIU DRAM Interface Unit 
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DNC 


Dead Nozzle Compensator 


DRAM 


Dynamic Random Access Memoiy 


DWU 


DotLine Writer Unit 


GPIO 


General Purpose Input Output 


HCU 


Halftoner Compositor Unit 


ICU 


Intemipt Controller Unit 


ISI 


Inter SoPEC Interface 


LDB 


Lossless Bi-level I>ecoder 


LLU 


Line Loader Unit 


LSS 


Low Soeed Serial interface 


MEMS 


Micro Electro MecbaTiiral ^v^em 


MMU 


Metnorv Manaffement I Jnif 


PCU 


SoPEC Controller Unit 


PHI 


PrintHfcad f nterfiice 


PSS 


ruwci OdVC Ol-OlagC Willi 


RDU 


c\.c<i{~iiiiic L^cuug unit 


ROM 


Read Only Memory 


SCB 


Serial Communication Block 


SFU 


Spot FIFO Unit 


SMG4 


Silveibrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4.4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 



AND,OR,NOT 
[XX: YY] 
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Operator equal, not equal, less than, greater than 
Operator addition, subtraction, multiply, divide, modulus 

Bitwise AND, bitwise OR, bitwise exclusive OR, left shift, right shift, complement 
Logical AND, Logical OR, Logical inversion 
Array/vector specifier 
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{a,b.c} 



Concatenation operation 
Increment and decrement 



4.4.1 



Register and signal naming conventions 



In general register naming uses the C style conventions with c^italization to denote word delimiters. Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both conventioa For example the CmdSourceFifo register is equivalent to cmd_source Jifo signal. 



State machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions tise the convention of underline to indicate the cause of a transition from one state to ano^er and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur whai the 
new state is entered 

A sample state machine is shown in Figure 1 . - 



4.5 



State machine notation 



fesflt^Ofprst n"=Q 
cdu_dju_rreq » o 
ignore_<Jata » 0 




go «== 1 & 
dorm band »r» O 
cdu jdlu.rreq ^ o 
Egnofd.data s 0 



Figure 1. Example State machine notation 
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5 Printing Considerations 

A bi'Iithic printhead produces 1600 dpi bi-level dots. On low-diffiision paper, each ejected drop forms a 
22.S|im diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color planes are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes 'muddying' of midtones caused by inter-color bleed. 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustercd-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-j?odulated) dither reproduces high spatial frequencies (i.e. 
image detail) almost to the limits of the dot resolution^ while simultaneously reproducing lower spatial fre- 
quencies to Aeir full color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low-f^quency patterns when tiled across the image. As such its 
size typically exceeds the minimum size required to support a particular number of intensity levels (c.g, 
1 6x1 6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing mmieasurable beyond 60 cycles per degree [21][22]. At a noraial viewing distance of 1 2 inches (about 
300nmi), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
30O ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-level black dots, and are therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1200 dpi continues to contribute to perceived text sharpness (assuming low-difiusion paper, of 
course). 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats aie 
capable of exceeding the quality of commercial (offset) printing and photographic reproduction. 




Doc: SoPEC_harclware_design S3 Proprietary Document 29 Nov 2002 

Version: 2.3 Page 13 



SoPEC : Hardware Design 



6 Document Data Flow 



6.1 Considerations 



Because of the page-width nature of the bi-lithic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is nev^ printed until it is fiilly rasterized. This can be achieved by 
storing a compressed version of each rasterized page image in memory 

This decoupling also allows the RlP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because contone color images are reproduced by stochastic dithering, but black text and line gr^hics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-level 
black layer and background contone color layen The black layer is composited over the contone layer after 
the contone layer is dithered (although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout 

Figure 2 shows the flow of a document from computer system to printed page. 

r • r 1 r 1 



page layouts 
and objects ^ 



memoiyl compressed nuiftHayef) 
buflfef J page Images 




Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 1 1.7 inches) of contone CMYK data has a size of 
26,3MB. At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2,63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi, a A4 page of bi-level data has a size of 7.4MB. At 1600 dpi, a Letter page of bi-levcl data has 
a size of 29.5 MB. Coherent data such as text compresses very well. Using lossless bi-level compression 
I algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 

ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi, and 2,95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 16MB of bi-level data. Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces haid-to-compress disorder. 

Netpage tag data is optionally supplied with the page image. Rather than storing a compressed bi-level 
data layer for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to! 20 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15,540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB. 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The fonnat is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Since text and images normally don't ovcriap, the nonnal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 



Table 1 . Data sizes for A4 page (6.26 inches x 11.7 Inches) 









Image only (contone). 10:1 compression 


2.63 MB 


3.76 MB 


Text only (bi-level), 10:1 compression 


0.74 MB 


2.95 MB 


Netpage tags. 1600 dpi 


0.24 MB 


0.24 MB 


Worst case (text + image -i- tags) 


3.61 MB 


6.67 MB 


Average (text -t- 25% image + tags) 


1.64 MB 


4.25 MB 



6.2 DOCUMENT Data Flow 

The Host PC rasterizes and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link. A complete band is stored in SoPEC embedded mem- 
ory. Once the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone. bi-levei and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
ll thic printhead. 

The document data flow is 
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• The RIP software rasterizes each page description and compress the rasterized page image. 

• The infrared layer of the printed page optionally contains encoded Netpage [5] tags at a programmable 
density. 

• The compressed page image is transferred to the SoPEC device via the USB normally on a band by 
band basis. 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-level layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing to four 
bi-level layers at full-resolution. 

• The second stage then composites the bi-level tag data layer, the bi-level SMG4 fax de-comprcssed 
layer and up to four bi-level JPEG de-compressed layers into the fiill-resolution page image. 

« A fixative layer is also generated as required. 

• The last stage formats and prints the bi-level data through the bi-lithic printhead via the printhead inter- 
face. 

The SoPEC device can print a fill! resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fax com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channels from 
page RIP to bi-lithic printhead color planes. 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
printhead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensatiorL 

Also a data channel could be used to gate data from another data chaimel. For example in stencil mode, 
data from the bilevel data channel at 1600 dpi can be used to filter the contone data chaimel at 320 dpi, giv- 
ing the effect of 1600 dpi contone image. 

6-3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes, imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
of printing worst case pages unless they are split into bands and printing commences before all the bands 
for the page have been downloaded. The page sizes in the table are shown for comparison purposes and 
would be considered reasonable for a professional level printing system. The SoPEC device is aimed at the 
consumer level and would not be required to print pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. 



Table 2, Page content targets for SoPEC 











Best Case picture ImaQe. 267ppi with 3 colors, A4 Gize 


8.26x11.7x267x267x3 ©10:1 


1.97 


Full page text, 800dpi A4 size 


8.26x11.7x800x800 O 10:1 


0.74 
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Table 2« Page content targets for SoPEC 









Mixed Graphics and Text 

- tmage of 6 inches x 4 inches 6 267 ppi and 3 colors 

- Remaining area text -73 inches^. 800 dpi 


6x4x267x267x3 6 5:1 
800x800x73 « 10:1 


1.55 


Best Case Photo, 3 Corors. 6.6 Megapixel Image 


6.6 Mpixel O 10:1 


2.00 



If a document with more complex pages is required, the page RIP software in the host PC can determine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can take two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data ^er than the bands can be downloaded a buffer 
imderrun error could occur causing the print to fail. A buffer underrun occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead. 

Other options which can be considered if the page does not fit completely into the cotnpressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.5) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an ISNBridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectures. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices, 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or ISI connection to Bridge Chip. 

• ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7.1. 

7.1 System Components 

7.1.1 SoPEC Print Engine ControJIer 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

7. 1. 1. 1 Print Engine Pipeline (PEP) Logic 

The PEP reads con^ressed page store data from the embedded memory, optionally decompresses the data 
and formats it for sending to the printhead. The print engine pipeline functionality includes expanding the 
page image, dithering die contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the bi- 
litfaic printhead. 

7. f . i. 2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor q)plication specific code for general print control such as paper ready 
monitoring and LED status update. 

7. 1. 1. 3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which approximately 
2Mbytes are available for compressed page store data. A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of the page is consumed by the PEP for print- 
ing a new band can be downloaded. The new band may be for the current page or the next page. 

Using banding it is possible to begin printing a page before the complete compressed page is downloaded, 
but care must be taken to ensure that data is always available for printing or a buffer undcrrun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISl-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7. 1. i.4 Embedded USB 1. 1 Device 



The embedded USB LI device accepts compressed page data and control commands from the host PC, 
and ^cilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 Bi-lithlc Printhead 

The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches could be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printheadit can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads can be constnicted. 

7.1.3 LSS internee bus 

Each SoPEC device has 2 LSS system buses for communication with QA devices for system authentica- 
tion and ink usage accounting. The number of QA devices per bus and their position in the system is unre- 
stricted with the exception that PRINTERjQA and INKjQA devices should be on separate LSS busses. 



7.1.4 QA devices 

Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRINTERJQA. Ink cartridges will contain an INKjQA chip. PRINTER _QA and INKjQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
defining PRINTER J2A from INKjQA chip. 



7.1.5 ISf Interface 

The Inter-SoPEC Interface (ISI) provides a communication channel between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an ISI-Bridge chip depending on the printer configuration. 
I Both compressed data and control commands are transferred via the interface. 

7.1.6 ISUBridge Chip 

A device, other than a SoPEC with a USB connection, which provides print data to a number of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems withb the one printer. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 

Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 
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7.2.1 A4 Simplex with 1 SoPEC device 



USB from Host 




hIghspeMi 
lowtpMd 



prfnthead ammbly 
— — — — — — — — — — — — — — — — 

Figure 3. Single SoPEC A4 Simplex system 

In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 



7.2.2 A4 Duplex with 2 SoPEC devices 



USB from Host * 




hlghspoed 
low speed 



Figure 4. Dual SoPEC A4 Duplex system 

In Figure 4, two SoPEC devices are used to control two bi-lithic printheads, each with two printhead ICs, 
Each bi-Uthic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMastcr SoPEC, the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the compressed page data for both SoPECs and rc-distri bates the compressed data over the 
Intcr-SoPEC Interface (ISI) bus. 
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Ft may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB l.i connection. This would allow a faster average print speed. 



7.2.3 A3 Simplex with 2 SoPEC devices 



USB from Host 




high speed 
low speed 



. Bfinthead aaswnWy^ 

Figure 5. DuaJ SoPEC A3 simplex system 



In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhead. Each SoPEC controls only 
one printhead IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Master SoPEC In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Intcr-SoPEC Interface (ISI) bus. 
It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An altemative would be for each SoPEC 
to have its own USB 1.1 coimection. This would allow a faster average print speed. 
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7.2.4 A3 Duplex with 4 SoPEC devices 



USB from Host 



Printer 
OA chip 



roplacaabit 
Ink cartfltfga 

3_ 



repiacaable 
Ink cartildga 



Ink cartridgelii 


ink cartridge 1 


OA chip l„ 


OA chip 1 





A L 

u ^ A3 Bl-Cthic I 

I FFCI — I 



highspeed 



ISI 



ei^nthead £ssembry_ 




Figure 6. Quad SoPEC A3 duplex system 



In Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-lithic printhcads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each printhead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again the USB LI connection defines the ISIMaster 
with the other SoPECs as ISISlaves. In total, the system contains SMbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade the system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Inter&ce (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1.1 coimection. This would allow a 
faster average print speed. 
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7.2.5 SoPEC ORAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from Host ( 




^ high tpMd 
O- towspeod 



I prfnthead «s««fnbly 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as ORAM storage 



Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printmg SoPEC. SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system with 4 SoPEC devices 



liighspead 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISNBridge chip provides slave-onJy ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISIS laves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 

An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1.1 connection. This would allow a faster average print speed. 
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8 Page Format and Printflow 

When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memoiy remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



blank page 



singre band page 



2 band page 



mutd band page 



page header 



page header 



bandO 



barxl 1 



page header 



bandO 



band 1 



band n 



Figure 9. Pages containing different numbers of bands 

Each compressed band contains a mandatory band header, an optional bi-level plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpagc enabled ^plications). Since each of 
these planes is optional ^ the band header speciRes which planes are included with the band. Figure 10 
gives a high-level breakdown of the contents of a page band. 



band n 




band header 



bMevel plane 



oontone plane 



tag data plane 



Figure 10. Contents of a page band 

A single SoPEC has maximum rendering restrictions as follows: 

• 1 bi-level plane 

• 1 contone interleaved plane set containing a maximum of 4 contone planes 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10:1, with a local minimum compression ratio of 5:1 for a 
single line of interieaved JPEG blocks. 



Although a band must contain at least one plane 
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• average bi-level compression ratio of 10:1, with a local minimuiii compression ratio of 1 :1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC. 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures ths SCB to allow compressed data bands to pass 
ftx>m the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 



Host RIP 



page/band header 



bi-level plane 



ooniona intsrteaved 
plane 



tag data plane 



SCB 

I ^ 

1 passed throtfgtn | 



SoPEC's ORAM 



I passed through | 
I passed through I 



{ passed through | ^ 



page/band header 



bl'tovel plane 



contone Intarleaved 
plane 




tag data piane 



register commands 4 



CPU 



SoPEC'fi Registers 



Figure 11. Page data path from host to SoPEC 

SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management. However it is not stricdy necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous', the memory can 
be allocated in any way. 



I. Contiguous allocation also includes wrapping around in SoPEC*s band store memory. 
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8.1 



Print engine example page format 



This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC. 
The format is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this format The host PC can optionally perform the majority of the header processing. 

The compressed format and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data underrun. 

The page format described here is for a single black bi-level layer, a contone layer, and a Netpage tag 
layer. The black bi-level layer is defined to composite over the contone layer. 

The black bi4evel layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
mane has a resolution which is an integer or non-integer factor of the printer^s dot resolution. The highest 
supported resolution is 1600 dpi, i.e. the printer's full dot resolution. 

The contone layer, optionally passed in as YCrCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer's 
dot resolution. The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-lcvel images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer*s internal memory. 



A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 



8.1.1 



Page structure 
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Figure 12. Page structure 
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8.1.2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers,^ The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content. 



6. 1,2. 1 Page header 

Table 3 shows an example format of a page header. 



Table 3. Page header fomiat 









sionature 


16-b(t integer 


Page header fomiat signature. 


version 


16-bK integer 


Page header format version number. 


structure size 


iS-bit integer 


Size of page header. 


band count 


1&4)ft integer 


Number of bands specified for this page. 


target resolution (dpi) 


16-blt Integer 


Resolution of target page. This is always 1 600 for the iVIemjet 
printer. 


target page width 


16-bft integer 


Wtcfth of target page, in dots. 


target page height 


32-bit integer 


Height of target page. In dots. 


target (eft nnargiri for black and 
oontone 


16-bit integer 


Wkfth of target left margin, in dots« for black and oontone. 


target top margin for tHatk and 
cx)ntone 


16-bit Integer 


Height of target top ffiargln. in dots, for black and oontone. 


target right margin for black and 
contone 


16-bit integer 


Wkfth of target right margin, in dots, for black and contone. 


target bottom nr>argin for black 
and contone 


16-bit integer 


Height of target tx>ttom margin, in dots, for biac* arwJ contone. 


target left margin for tags 


16-brt integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


16-brt integer 


Height of target fop margin, in dots, for tags. 


target right margin for tags 


16-bit integer 


Width of target right margin, in dots, for tags. 


target trattom margin for tags 


1 6-bit integer 


Height of target tx>ttom margin, in dots, for tags. 


generate tags 


1 6-bft integer 


Specifies whether to generate tags for this page (0 - no. 1 « 
yes). 


fixed tag data 


128-btt integer 


This is only valid if generate tags is set 


tag vertical scale factor 


16-bit integer 


Scale factor In vertical direction from tag data resolution to tar- 
get resolutfon. ValkJ range = 1-511. Integer scaling only 


tag horizontat scale factor 


t6-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolution. Valid range = 1-511. Integer scaling only. 


bMevel layer vertical scale factor 


1 6-bit integer 


Scale factor in vertical direction from bUevel resolution to tar- 
gel resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the fower 8 bits tiie denominator. 



I. SoPEC relics on dither matrices and tag stmctures to have already been set up, but these arc not considered to be part of a general page 
format, [t is trivial to extend the page fomiat to allow exact specification of dither matrices and tag structures. 
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Table 3. Page header format 









bi-levei (ayer horizontal scato feic* 


16-btt integer 


Scale factor in horizontal direction fronr) bi-ievel resolution to 


tor 




target resolution (nxjst be 1 or greater). May be non>integer. 
Expressed as a fraction with upper e-tits the numerator and 
the lower 8 bits the denominator. 


bHevel layer page xvidth 


16-tMt integer 


Width of bi-level layer page, in pixels. 


bMevel layer page height 


32-bit integer 


Height of bHevel layer page, in pixels. 


oontone flags 


.16 bit integer 


Defines the color conversion that is required for the JPEQ 
data. 

Bits 2-0 specify how nruiny oontone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY. Only valid If b2-0 = 3 or 4. 

0 • no conversion, leave JPEG colors tdone 

1 - color convert 

Bits 7-4 specifies whether the YCrCb was generated (firectly 
from CMY. or whether It was converted to RQ8 first via the 
step: R = 255-C. G = 255-M. B = 255-Y. Each of the color 
planes can be individually inverted. 
Bit 4: 

0 - do not invert color plane 0 

1 * Invert color plane 0 
Bit 5: 

0 - do not invAri minr ntjinA 1 

1 - Invert color plane 1 
Brt 6: 

0 - do not invert ootor plane 2 

1 - invert color plane 2 

Bit 7: 

0 • do not invert color plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 

or non-oompressed: 

0 - JPEG compressed 

t * non-compressed 

The renwlning bits are reserved (0). 


oontone vertical scale factor 


16-bft integer 


Scale factor in vertical direction from contone channel resoiu- 
tion to target resolution. Valid range = 1 -255. May be non-inte- 
ger. 

Expressed as a fraction with upper 8-bits the numerator €md 
the tower 8 bits the denom'nator. 


oontone horizontal scale factor 


16-blt integer 


Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range = 1-255. May be non- 
tnteger. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the demminator. 


oontone page width 


16-bit integer 


Width of contone page, In contone pixels. 


contone page height 


32-bit integer 


Height of contone page, in contone pixels. 


reserved 


up to 1 28 
bytes 


Reserved and 0 pads out page header to multiple of 128 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format 
If the signature and/or version arc missing or incompatible with the CPU, then the CPU can reject the 
page. 
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The contone flags defiiie how many contone layers are present, which typically is used for defining 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY. they can be 
optionally stored as YCrCb, and further optionally color space converted fiom CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-level or contone scale factors are not 
factors of the target page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area. 

The tag parameters specify whether or not Netpagc tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided. 
The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8. 1. 2.2 Band format 

Table 4 shows tfie format of the page band header. 

Table 4. Band header format 





wmm} 




signature . 


16-bit Integer 


Page band header format signature. 


version 


16-btt integer 


Page ban6 header Ibrmat version number. 


structure size 


16-biT integer 


Size of page band header. 


bi-level layer band height 


16-bit integer 


Heigtit of bi-level layer band, in bladt pixels. 


bi-level layer band data size 


32-bn integer 


Size of bi-level layer band data, in bytes. 


contone band height 


16-bit integer 


Height of contone band, in contone pixels. 


contone band data size 


32-bil integer 


Size of contone plane band data, in bytes. 


tag band height 


16-bit integer 


Height of tag band, in dots. 


tag band data size 


da-bit integer 


Size of unenooded tag data band, in bytes. 
Can be 0 which Indicates that no tag data is 
provided. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data. 
The variable-size black data follows the page band header. 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable ug data half-lines as required by the tag encoder. The format of the 
tag data is found in Section 26.5,2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 
Table 5. Page band data format 









black data 


Modified G4 fiacsimile bitstream^ 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone datalayer. 


tag data map 


Tag data array 


Tag data format See Section 26.5.2. 
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1, See section 8.1 on page 31 for note reganfing the use of this standard 

The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundary. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer, section 26.5.1 on page 365 describes the format of the tag data structures. 

8. f .2.3 BNevel data compression 

The (typically 1600 dpi) black bi-level layer is losslessly compressed using Silvcibrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified tun length encodings. Typically compression ratios exceed 10: L The encoding are listed in 
Table 6 and Table 7 



Table 6. BI-LeveJ group 4 facsfmfle style compression encodings 



M 


m 






SMI 






1000 


Pass Command; aO <- b2. skip next two edges 


1 


1 


Vertfcat(0): aO b1 , color = Icolor 




I 

CO 


110 


Vertica((1): aO <- b1 + 1 , color = loolor 


St 


010 


Verticat(-I): aO b1 - 1 . color = Icolor 


o 
6 


a. 
3 
0 


110000 


VerticaJ(2): aO b1 -t- 2. color = Icolor 




010000 


Vertical(-2}: aO f- b1 - 2, color « Icolor 


itatlon 


100000 


Vertical(3): aO <— b1 + 3, color & Icolor 


000000 


Vertica((-3): aO <- b1 - 3. color = loolor 


Unique ic 
Implemer 


<RL><RL>100 


Horizontal: aO ^ aO 4- <RL> + <RL> 



SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special nm-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter. The special nm-length code is always executed as a run-length code, 
followed by pass through. The pass through escape code is a mediimi length run-length with a run of less 
than or equal to 31. 



Table 7. Run length (RL) encodings 





1 








RRRRR1 


Short Black Runiength (5 bits) 




RRRRR1 


Short White Runiength (5 bHs) 




RRRRRRRRRR10 


Medium Black Runiength (10 bits) 




RRRRRRRR10 


Medium White Runiength (8 bits) 


C 
CO O 


RRRRRRRRRR10 


Medium Black Runiength with RRRRRRRRRR <= 31. 
Enter pass through 


eto thi 
nentati 


RRRRRRRR10 


Medium White Runiength with RRRRRRRR <= 31. 
Enter pass through 


ft 


RRRRRRRRRRRRRRROO 


Ljong Black Runiength (15 bits) 




RRRRRRRRRRRRRRROO 


Long White Runiength (15 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-level data is optionally self contained The first line of each band therefore is based on a 
'previous* blank line or the last line of the previous band. 

• 8.1.2.3.1 Group 3 and 4 facsimile compression 

The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-Level data for transmission * 
over slow and noisy telephone lines. The bi-level data represents scanned black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for halftoned bi-level images). The ID Group 3 algorithm runlength-encodes each scanline and then 
Huffman-encodes the resulting runlengths. Runlcngths in the range 0 to 63 are coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64» followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-up codes 
followed by a terminating code. The Huffman tables are fixed, but are separately tuned for black and white 
runs (except for make-up codes above 1728, which are common). When possible, the 2D Groi^) 3 algo- 
rithm encodes a scanline as a set of short edge deltas (0, ±1. ±2. ±3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc.) Edges 
within a 2D-encoded line which can't be delta-encoded are runlength-encoded, and are identified by a pre- 
fix. 1I>- and 2D-encoded lines are marked differently. ID-encodcd lines are generated at regular intervals, 
whether actually required or not, to ensure that the decoder can recover from line noise with minimal 
image degradation. 2D Group 3 achieves compression ratios of up to 6:1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission over error-free 
communications lines (i.e. the lines are truly error-fVee, or error-correction is done at a lower protocol 
: level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 

since transmission is assumed to be cnor-fiee, ID-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60:1 for the 
CCITT set of test images [28]. 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (100- 
400 dpi), and it encodes runlcngths exceeding 2623 awkwardly. 

Contone data cotnpression 

The contone layer (CMYK) is either a non-compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and HufiFbian tables. 

The contone data is optionally converted to YCrCb before being compressed (there is no specific advan- 
tage in color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G^255-M, B=255-Y 
Optional bitwise inversion of the K plane may also be performed. Note that this CMY to RGB conversion 
is not intended to be accurate for display purpose's, but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 

8.1.2.4.1 JPEG compression 

The JPEG compression algorithm [23] lossily compresses a contone image at a specified quality level. It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 
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JPEG typically first transfomis the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrominance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image eneigy in rel- 
atively lower-frequency coefficients, which allows higher-frequency coefficients to be more crudely quan- 
tized. This quantization is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to maximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding nms of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1.2.4.2 Non-compressed format ^ 

If the contone data is non-compressed; it must be in a block-based format bytestream with the same pixel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top left 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks Oeft to right) and so on 
until the lower row of 8x8 blocks (left to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in. the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded units). The ratio of space between the various color planes in the JPEG stream is 
1 : 1 : 1 : 1 . No subsampling is permitted. Banding can be completely arbitraiy i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (in RIP) 

YCrCb is defined as per CCIR 601-1 [20] except that Y, Cr and Cb are normalized to occupy all 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC. 

The exact color conversion computation is as follows: 

• Y* = (9805/32768)R + (1923 5/3 276 8)G + (3728/32768)B 

• Cr* = (16375/32768)R - (1 37 1 6/32768)G - (2659/32768)B + 1 28 

• Cb* = -(5529/32768)R - (1 0846/3 2768)G + (16375/32768)B + 128 

Y, Cr and Cb are obtained by rounding to the nearest integer. There is no need for saturation since ranges 
of Y*, Cr* and Cb* after rounding are [0-255], [1-255] and [1-255] respectively. Note that JuU accuracy is 
possible with 24 bits. See [14] for more information. 
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9 Overview 



The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
level dot data as output The bi-Ievel dot data is generated for the Memjet bi-lithic piinthead The dot gcn- 
erauon process takes account of printhead construction, dead nozzles, and allows for fixative generation. 
A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec' equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Utter pages. The 6 
channels of colored ink arc the expected maximum in a consumer SOHO. or office Bi-lithic printing envi^ 
ronment: ^ ^ 

• CMY, for regular color printing. 

• fC, for black text, line graphics and gray-scale printing. 

• IR (infiared), for Nctpage-enabled [5] applications. 

• F (fixative), to enable printing at high speed.Because the bi-Uthic printer is capable of printing so fast 
a fixative may be required to enable the ink to dry before the page touches the page already printed' 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required ' 

. SoPEC is color space agnostic. Although it can accq>t contone data as CMYX or RGBX. where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally, SoPEC pro- 
vides a mechamsm for arbitrary mapping of input channels to output channels, including combining dots 
for ink optimization, generation of channels based on any number of other channels etc. However inputs 
are typically CMYK for contone input. K for the bi-levei input, and the optional Netpagc tag dots ^e typ- 
ically rendered to an infra-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead. 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into tiie 
page store as each band of information is consumed and becomes free. 

SoPEC provides an interface for synchronization with other SoPECs. This allows simple multi-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However, SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization functionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex pnnting and wide format printing. 

Table 8 lists some of the features and coiresponding benefits of SoPEC. 
Table 8. Features and Benefits of SoPEC 







wpumisea pnnt arctiitecture in hardware 


30ppm full page photographic quality color printing 
from a desktop PC 


O.ISmicron CMOS 
(>3 million transistors) 


High speed 

Low cost 

High ttinctionaJity 



1. 10.000 lines per second equates to 30 A4/Lctter pages per minute at 1600 dpi 
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Tabre 8. Features and Benefits of SoPEC 







9w Mjifion dots per second 


Extremely fast page generation 


10,000 lines per second at 1600 dpi 


0.5 A4/Letter pages per SoPEC chip per second 


1 chip drives up to 133.920 nozzles 


Low cost page-width printers 


1 chip drives up to 6 color planes 




Integrated DRAM 


No external memory required, leading to low cost 
systems 


Rower saving sleep mode 


SoPEC can enter a power saving sleep mode to 
reauce power dissipation between print Jobs 


JPEG expansion 


Low bandwidth from PC 

Low nnemory requirements In printer 


Lossless bttplane expanston 


High resolution t^ and line art with low bandwidth 
from PC (e.g. over USB) 


NetDaae tao esmansifln 


Generates mteractive paper 


Stochastic dtsnarR«>H Hrtt HlthAr 


Optically smooth Image quality 
No moire effects 


Hardware compositor for 6 image planes 


Pages composited in real*trme 




Extends printhead life and yield 
Reduces printhead cost 


Color space agnostic 


COmoatit^le with all inkf^t^ Anrf imano e/^divoa 

Inclutfng RGB, CMYK. spot. CIE L*a*b*. hex- 
achrome, YCrCbK, sRGB and other 


Color space conversion 


Higher quality / lower bandwidth 


Computer Interface 


USB1 .1 Interface to Host and ISI interface to ISI- 
Brfdge chip thereby allowtng connection to IEEE 

1 394, Bluetooth etc. 


Cascadable in resolution 


Printers of any resdutton 


Cascadable in color depth 


Special color sets e.g. hexachrome can be used 


Cascadable in bnage size 


Printers of any width up lo 16 inches 


Cascadable in pages 


Primers can print both sides simultaneously 


Cascadable in speed 


Higher speeds are possible tjy having each SoPEC 
print one vertical strip of the page. 


Fixative channel data generation 


Extremely fast ink drying without wastage 


Built-in security 


Revenue models are protected 


Undercolor removal on dot-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitutfon or missing fonts 


Flexible printhead configuration 


Many configurations of printheads are supported by 
one chip type 


Drives Bi-lilhic printheads directly 


No print drWer chips required, results in lower cost 


Determines dot accurate ink usage 


Removes need for physical ink monitoring system in 
Ink cartridges 



9.1 Printing rates 

The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 
achieve a 30 sheets per minute print rate, this requires: 
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SOOrnm X 63 (dot/mm) / 2 sec =» 1 05.8 jiseconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec =^ 93.3 fxseconds per line, with a 4 cm inter-sheet gap. 
A Printline for an A4 page consists of 13824 nozzles across the page [2], At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 useconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deUver this print data to the print-heads. 
Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhcad combinations [2]. Print data is trans- 
ferred to both print heads in a pair simultaneously This means the longest time to print a line is determined 
by the time to tansfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head The print data is transferred to the printhead at a rate of 106 MHz (2/3 of the system clock rate) per 
I color plane. This means tiiat it will take 91.9 \is to transfer a single line for a 7:3 printiicad configuration. 

So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 11 160 across an 8 inch printhead. To transfer the data to the printhcad at 106 MHz 
will take 1053 us. So an 8:2 printhead combination printing with an inter-shcet gap will print slower than 
30 sheets per minute. 

9.2 SoPEC BASIC ARCHITECTURE 

From the highest point of view die SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 
See Figure 1 3 for a block level diagram of SoPEC. 

CPU Subsystem 

The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 
port for interfacing and synchronising the external printer with the internal print engine. It also controls the 
low speed communication to the QA chips. The CPU subsystem contains various peripherals to aid the 
CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 
Serial Communications Block (SCB) on the CPU subsystem provides a full speed USBl .1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 

9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow sufiBcient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
2 segments of a bi-lithic printhead. 

The first stage of the page expansion pipeline is the CDU. LBD and TE. The CDU expands the JPEG-com- 
pressed contone (typicaUy CMYK) layer, the LBD expands the compressed bi-level layer (typically K). 
and the TE encodes Netpage tags for later rendering (typically in IR or K ink). The output from the first 
stage is a set of buffers: the CPU, SFU. and TFU. The CPU and SFU buffeis are implemented in DRAM. 



9.2.1 



0,2.3 

I 
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The second stage is the HCU, which dithers the contone layer, and composites position tags and the bi- 
level spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bi-level data are produced from tiiis stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored. Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing puiposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color ledundancy and error dif- 
fusing dead nozzle data into surrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buffered and written out to a set of line 
buffers stored in DRAM via the DWU. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accepts data from the LLU at the system clock rate (pclk\ while the PHI removes data from the 
I FIFO and sends it to die piintfaead at a rate of 2/3 times the system clock rate (see Section 9.1). 
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Figure 13. SoPEC System Top Level partition 
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9.3 SoPEC Block Description 

Looking at Figure 13, the various units are described here in summary fomi: 



Tabre 9. Units within SoPEC 



mm 


m 






DRAM 


DIU 


DRAM rnterface unit 


Provides the Interface for DRAM read and write access 
for the various SoPEC units. CPU and the SCB block. 
The DIU provides art)itiation between competing units 

contmlfi DRAM anr^<M 




DRAM 


Embedded DRAM 


20Mbits of embedded DRAM. 


CPU 


CPU 


Central Processing Unit 


CPU for system configuratfon and oontrol 




MMU 


Memory Management Unit 


Limits access to certain memory address areas in CPU 
user mode 




RDU 


Real-tinne Debug Unit 


Facilitates the observation of the cements of most of the 
CPU addressatile registers in SoPEC In addition to 
some pseudo-registers In realtime. 




TIM 


General Timer 


Contains watchdog and general system timers 




LSS 


Low Speed Serial Interfaces 


Low level controller for intertkcing with the OA chips 




GPIO 


Geneial Purpose lOs 


General lO oontrolier, with built-in Motor control unit, 
LED pulse units and de-glitch drcuitry 




ROM 


Boot ROM 


16 KBytes of System Boot ROM code 




ICU 


Interrupt Controller Unit 


General Purpose interrupt controller with configurable 
priority, and masking. 




CPR 


Clock. Power and Reset 
block 


Central Unit for controlling and generating the system 
clocks and resets and poweidown mectuuiisms 




PSS 


Power Save Storage 


Storage retained white system is powered down 




USB 


Universal Serial Bus Device 


USB device controller for interbcing with the Most USB. 




ISI 


Inter-SoPEC Interface 


' ISI controller for data and control communf cation with 
other SoPEC'8 In a mutti-SoPEC system 




SCB 


Serial Communication Block 


Contains both the USB and ISI bkx:ks. 
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Table 9. Units within SoPEC 



Print Engine 

Pipeiine 

(PEP) 





PEP controller 


ProvkJes extemaJ CPU with the means to read and write 
PEP Unit registers, and read and write DRAM in single 
32-blt chunks. 


CDU 


Contone decoder unit 


Expands JPEG compressed contone layer and writes 
decompressed contone to DRAM 


CFU 


Contone FJFO Unit 


Provides line buffering between CDU and HCU 


LBD 


Lossless Bi-levei Decoder 


Expands compressed bl-level layer. 


SFU 


Spot FIFO Unit 


Provides line buffering between LBD and HCU 


TE 


Tag encoder 


Encodes tag data into line of tag dots. 


TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 


HCU 


Haiftoner compositor unit 


Dithers contone layer and composites the bi-level spot 0 
and position tag dots. 


DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by color redundancy and 
error diffusing dead nozzle data into surrounding dots. 


DWU 


Dotfine Writer Unit 


Writes out the 6 channels of dot data for a given printBne 
to the line store DRAM 


LLU 


line Loader Unit 


Reads the expanded page image from line store, format- 
ting the data appropriately for the bi-b'thic printhead. 


PHI 


PrintHead Interface 


Is responsible for sending dot data to the bHilhIc print- 
heads and for providing line synchronization between 
multiple SoPECs. Also provides test interface to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9.4 Addressing scheme in SoPEC 

SoPEC must addiess 

• 20 Mbit DRAM. 

• PCU addressed registers in PEP. 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU generates byte-aligned addresses for 
the whole of SoPEC. 

22 bits are sufficient to byte address the whole SoPEC address space. 

9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256*bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required, 

• The CPU-subsystem always generates a 22-bit byte-aligned DIU address but it will send flags to the 
DIU indicating whether it is an 8, 16 or 32-bit write. 
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All DIU accesses must be within the same 256-bit aligned DRAM word 



9.4.2 



PEP Unit DRAM addressing 



PEP Unit configuration registers which specify DRAM locations should specify 256-bit aligned DRAM 
addresses i.e. using address bits 21:5. Legacy blocks from PEC I e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3, However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PECl, there arc no constraints in SoPEC on data organization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the last word 
should be padded. 



The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See sec- 
tion 1 1.4 for more details of the access protocol used on this bus. The CPU-bus docs not currently support 
byte reads and writes but this can be added at a later date if required by imported IP. 



The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address map and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perfoim a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 



9.4.3 



CPU-bus addressed registers 



9.4.4 



PCU addressed registers in PEP 
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9.5 SoPEC Memory Map 

9.5.1 Main memory map 

The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are , 
controlled by 
permissions set in ^ 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in \ - 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0X002A-C0O0 
0xOO2A^OO0O 
0x0029.0000 
0x0028.0000 




DRAM 
Regions 



0x0000.0000 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 1 0 below. The MMU 
performs the decode of <:pu_adr[2 J: J2J to generate the relevant cpujblock^elect signal for each block. 
The addressed bloclcs decode however many of the lower order bits of cpu_adr[ll:2] are required to 
address all the registers within tiie block. 

Table 10. CPU-bus peripherals address map 







MMU.base 


0x0029.0000 


TlM.base 


0x0029.1000 


LSS.base 


0x0029^2000 


GPIO_base 


0x0029.3000 


SCB^base 


0x0029.4000 
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Table 10. CPU-bus peripherals address map 







ICU_base 


0x0029.5000 


CPR.base 


0x0029.6000 


ROM_bas© 


0x0029_7000 


DlU.base 


Ox0029_8000 


PSS.base 


0x0029.9000 


Reserved 


0x0029 JVOOO to 0x0029_FFFF 


PCU^base 


QX002A.O0O0 to OX002A.BFFF 



9.5.3 PCU Mapped Registers (PEP bfocks) address map 

The PEP blocks are addressed via the PCU. From Figure 14, the PCU mapped registers are in the range 
0xO02A_0OO0 to 0x002A_BFFF. From Table II it can be seen that then: are 12 sub-blocks within the PCU 
address space. Therefore, only four bits are necessaiy to address each of the sub-blocks within the PEP 
part of SoPEC. A further 12 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block (the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to individually address them). This address will come 
either from the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address[15:12] = sub-block address, 

• address[n:2] » register address within sub-block, only the number of bits required to decode the regis- 
ters within each sub-block are used, 

• address[l :0] = byte address, unused as PCU mapped registers are all 32-bit addressed registers. 

So for the case of the HCU. its addresses range from 0x7000 to 0x7FFF within the PEP subsystem or from 
Ox002A_7000 to 0x002A.7FFFF in the overall system. 



Table 11. PEP blocks address map 







PCU.base 


OXOO2A.OO00 


CDU.base 


0X002A.1000 


CFU.base 


Ox002A_2000 


LBO_k>ase 


Ox002A_3000 


SFU_base 


Ox002A_4000 


TE.base 


Ox002A_5000 


TFU_base 


0x002Al.6000 


HCU_base 


0X002A.7000 


DNC.tNise 


0X002A.8000 


DWU_base 


0x002A_9000 


LLU.base 


0x0O2A_A000 


PHI.base 


0XOO2A.B0O0 to Ox002A^BFFF 
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9.6 



Buffer management in SoPEC 



As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds i.e. 30 sides 
minute. 



Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the time to transfer 2 Mbyte using USB 1 . 1 is approximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 1 5 pages per minute. 



The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 
Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to aUow seamless 30 sides per minute printing but not so 
smaU as to introduce excessive CPU overiiead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the conH)lete page has been transferred to memory there is a risk of a buffer 
undemm occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer undcrrun occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to faH at that line. If there is no risk of buffer underrun then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest approach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USBl.l) wiU be incurred before printing 
the first page. Subsequent pages wiU take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth data 
delivery. The print system could also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be detemiined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 



9.6.1 



Page buffering 



9.6.2 



Band buffering 
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10 SoPEC Use Cases 



10.1 Introduction 

This chapter is intended to give an overview of a representative set of scenarios or tdse cases which SoPEC 
can perform. SoPEC is by no means restricted to the particular use cases described here. 

In this chapter we discuss SoPEC use cases under four headings: 

1) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be composed of a niunber of sub-tasks. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1.3 Realtime requirements. 

10-2 Normal operation in a single SoPEC System with USB Host connection 

SoPEC operation is broken up into a number of sections which are outlined below. Buffer management in 
a SoPEC system is normally performed by the Host. 

10.2.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1 ) Execute reset sequence for complete SoPEC. 

2) CPU boot fh)m ROM, 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. USB Wakeup. 

4) Download and authentication of program (see Section 10.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and autiienticate operating parameters. 

8) Download and authenticate any further datasets, 

10.2.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16). Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset ftom tiie SCB. 
A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. ' 

3) Basic configuration of CPU peripherals and DIU. and DRAM initialisation, if required. 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parametere. 

7) Download and authenticate using results in PSS of any fuithsr datasets (programs). 

10.2.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g, dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 

10.2.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host, 
First page, first band download and processing: 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP roister commands have been writtra to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1) Check DRAM space remaining is sufficient to download the next band. 

2) . Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
M^chever band-related register updating mechanism is being used. 

10.2.5 Start printing 

1 ) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
undemin occurring because compressed page data was not transferred to SoPEC in time e.g. due to 
insufficient USB bandwidth caused by another USB peripheral cotisuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 1 2. 



Table 12. Typical PEP Unit startup order for printing a page, 







1 


DNC 


2 


E3WU 


3 


HCU 
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Table 12. Typical PEP Unit startup order for printing a page. 









4 


PHI 


5 


LLU 


6 


CPU, SFU, TFU 


7 


CDU 


8 


TE. LBO 



3) 
4) 



10.2.6 



Print ready interrupt occurs (from PHI). 

Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt. 

5) Drive LEDs, monitor paper status. 

6) Wait for page alignment via page sensor(s) GPIO interrupt 

7) CPU instructs PHI to start producing line syncs and hence conmience printing, or wait for an exter- 
nal device to produce line syncs, 

8) Continue to download bands and process page and band headers for next page. 

Next page(s) download 

As for first page download, performed during printing of current page. 



10.2.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed This can be via PCU commands fix>m DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogrammed directly by the CPU or most likely by i^dating from shadow registers. The finished band 
Hag intenvpts the CPU to tell tiie CPU that Ac area of memory associated with the band is now free. 

10.2.8 During page print 

Typically during page printing ink usage is conmiunicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.2.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished intemq>t occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is defined in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Coirmiimicate ink usage to QA chips, if required. 
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Table 13. End of page shutdown ofder for PEP Units (TBO). 







1 


PHI (will shutdown by itself in the normaJ case at the end of a page) 


2 


OWU (shutting this down stalls the ONC and therefore the HCU and above) 


3 


LLU (should already be halted due to PHI at end of last tine of page) 


4 


TE (this is the only dot supplier likefy to be running, halted by the HCU) 


5 


CDU (this is nkefy to already be halted due to end of contone band) 


6 


CFU, SFU. TFU. LBD (order unimportant, and should already be halted due to end of 
band) 


7 


HCU. DNC (order unimportant should already have halted) 



1 0.2.1 0 Start of next page 

These operations are typically perfonned before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

1 0.2.1 1 End of document 

1) Stop motor control. 



10.2.12 Powerdown 

In this mode SoPEC is no longer powered 

1) Instruct Host PC via USB that SoPEC is about to power down. 



10.2.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 16. 

1 ) Instnict Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 
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10.3 Normal operation in a Multi-SoPEC System - ISIMaster SoPEC 

In a muIti-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB l.l connection, the SoPEC with the USB connection is 
the ISIMaster. The ISKbridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 
In a multi-SoPEC system one of the SoPECs will be the PrintMaster. This SoPEC must manage and con- 
trol sensors and actuators e.g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the systenL An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRINTER^QA chip (or at least 
access to a PRINTER.QA chip that contains the SoPEC*s SOPECJd^key) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 
In general the ISIMaster may need to be able to: 

• Send messages to the ISISlaves which will cause the ISISlaves to send their status to the ISIMaster 

• Instruct the ISISlaves to perform certain operations. 

As tfie ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow these commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISrSlaves- 

SoPEC operation is broken up into a number of sections which are outlined below. 
10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or tiie watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals. SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 1 0.5.3). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

9) Downloadandauthcnticateany further da/arety (programs). 

10) The initial dataset may be broadcast to all the ISISlaves, 

1 l)ISIMaster master SoPEC then waits for a short time to allow the authenticarion to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) lf all ISISlaves report successful authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to rcgistere in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the JSIMaster 

5) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRTNTER^QA and authenticate operating parameters, 

8) Download and authenticate any further datasets (programs) using results in Power-Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powenip. 

10.3.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a ISISlave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. Instruct ISISlaves to also perform this operation. 

4) Initiate printhead pre-heat sequmce, if requiied Instmct ISISlaves to also perfom this operation 

10.3.4 First page download 

Buffer management in a SoPEC system is nomially performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufiicient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header^ 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

Remaining first page bands download and processing: 

1) Check DRAM space remaining is sufficient to download tlie next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded^ process the band header according to 
' whichever band-related register updating mechanism is being used. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

10.3.5 Stan printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 12. 

3) Print ready interrupt occurs (from PHI), Poll ISISlaves until print ready interrupt. 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otheiwise feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor p^er status (which may be on an ISISlaves SoPEC), 

6) Wait for page alignment via page sensor(s) GPIO interrupt (which may be on an ISISlaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an external device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

1 0.3.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.3.7 Between bands 

When the finished band flags are asserted band related register in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogiammed diiectly by the CPU or by 
updating fi:om shadow registers. The finished band flag intenupts to the CPU, tell the CPU that the area of 
memory associated with the band is now free. 



10.3.8 During page print 

Typically during page printing ink usage is communicated to the Q A chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA diips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.3.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished inteirupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips Jf required. 



10.3.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



1 0.3.1 1 End of docu ment 

I) Stop motor control. This may be on an ISISlave SoPEC. 



10.3.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instmct ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes. 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a multi-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster 
Buffer management in a SoPEC system is normally performed by the Host. 

10.4.1 Powerup 

Powenip describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

A typical powenip sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisatioa 

4) Download and authentication of program (sec Section 1 0.5.3). 

5) Store reusable cryptographic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to detennine ISIId. Conununicate ISIId to ISIMaster. 

9) Download and authenticate any further i/a/a5e£r. 

10.4.2 ISIwakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but SCB and power-safe 
storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled: In an ISISlave SoPEC, wakeup can be initiated following an ISI reset fiom the SCB. 

A typical ISI wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required 

4) Download and authentication of prpgram using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to detennine ISIId. Communicate ISIId to ISIMaster. 

8) Download and authenticate any further datasets. 

10.4.3 Print initcafization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check piinthead temperature^ if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the first band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining first page bands download and processing: 

1) Check DRAM space remaining is sufficient to download the next band. 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.4.5 Start printing 

1 ) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed fitim DRAM 
or direct CPU writes, in the order defined in Table 1 2. 

3) Print ready interrupt occurs (ftom PHI). Communicate to ISIMaster via ISI lir^lf 

4) Start motor control, if attached to this ISISlave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step coidd occur before the print ready interrupt 

5) Drive LEDS, monitor paper status, if on this ISISlave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page scnsor(s) GPIO interrupt, if on this ISISlave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing- 

8) Continue to download bands and process page and band headers for next page. 

10.4.6 Next page(s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU. LBD and TE need to be ic- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be leprogrammed directly by die CPU or by 
updating firom shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
memory associated with the band is now firee. 

10.4.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1 ) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISfMaster. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Conmiunicate ink usage to QA chips, if required. 

10.4.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

1 0.4.1 1 End of document 

Stop motor control, if attached to this ISISlave, when requested by ISIMaster. 

10.4.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Powerdown ISISlave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to roisters in the CPR block 
[16]. 

1) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Overview* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification. Section 1 7,2, 

10.5.1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK^QA and PRINTER^QA) will' take place on 
at least a per power cycle and per page basis. Communication with the QA chips has three principal pur- 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and autfienticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the QA chipset. SoPEC may also initiate decoy communications with the QA chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRINTER_QA and rNK_QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The communication channels are insecure but all traffic is 
signed to guarantee auflienticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered. In this 
case both the PRINTER_QA and INK^QA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the communication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that ai« not signed 
by one of the symmetric keys (such as the SoPECJd^key) could be reverse engineered. The imposter 
device must also have access to the appropriate keys to crack the systeoL 

• If the secret keys in the QA chips are exposed or cracked then the system, or parts of it, is compro- 
mised. 

Assumptions: 

C 1 ] The QA chips are not involved in the authentication of downloaded SoPEC code 

[ 2 J The Q A chip in the ink cartridge (INK_Q A) does not directly affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
[3 J The INK-QA and PRINTER^QA chips are identical in their virgin state. They only become a 

IhOCQA or PRINTER^QA after Aeir FlashROM has been programmed. 

10.5.2 Authentication of downloaded code in a single SoPEC system 
Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMasten 

2) The program is downloaded to the embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 

accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is veiy likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC fimctionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple 'turn on the lights* tasks after which the Host 
PC is informed that the prints is ready to print and the Start Printing use case comes into play. 
Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to leprogiam the bootOkey. 

10.5.3 Authentication of downloaded code in a mult^SoPEC system 

10.5.3.i iSiMaster SoPEC Pfocess: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISiMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSI. 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

6) If a power-K^n reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a piiblic key algorifiun such as 
RSA. If a power-on reset did not occur then the expected SHA-l hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

10) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present, 

1 1) If any slave reports a failed authentication then the ISiMaster communicates this to the Host PC and 
puts itself into powerdown mode. 
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12) If all ISISIaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the multi-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook si^ervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code, 

14) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC determines that all SoPECs are ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



10.5.3.2 iSISiave SoPEC Process: 

1) When the CPU comes out of reset the SCB should still be in slave mode, and the SCB is already 
configured to receive data firom the ISIMaster. 

2) The program is downloaded to embedded DRAM. 

3) Tlie CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred 

5) If a power<on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as tiie first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match, then the ISISiave device will await a new program again, eventu- 
ally timing out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will conomimicate the result of its authentication process to 
the ISIMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and atithenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC fimctionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple •turn on the lights* tasks after which the master 
SoPEC is informed tiiat this slave is ready to print. The St<irt Printing use case then comes into play. 

Known Weaknesses 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. 

• ISI is an open interface i,e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISIMaster and ISISiave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 

The SoPEC IC wUl be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRINTEIL.QA chip, to securely communicate these parameters to the SoPEC and to securely reprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of data) will have its own PRINTER.QA chip (or at least access to a 
PRINTER_QA that contains the SoPEC's SoPECJd^kcy). Therefore both ISIMaster and ISISlave 
SoPECs will need to authenticate operating parameters. 

Process: 

1) Program code is downloaded and authenticated as described in sections tO.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_kcy from the unique SoPECJd that was 
programmed when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRINTER^QA chip. The 
PRINTER^QA chip uses the SoPECJd.key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_key. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicenseJcey, 
which is stored on the PRINTER.QA and used to authenticate the change in operating parameter. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEC_id by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPEC_id_kcy) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEC_id is compromised, the other k^s in the system, which protect the 
authentication of consumables and of program code, are unaffected. 
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10.6 Miscellaneous Use Cases 

There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 

10.6.1 Disconnect / Re-connect of OA chips. 

1) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 

10.6.2 Page arrives before print ready interrupt. 

1) Engage clutch to stop paper until print ready interrupt occurs. 

10.6.3 Oead-nozzle table upgrade 

This sequence is typically performed when dead nozzle infonnation needs to be updated by perfonnine a 
printhead dead noz2de test. 

1) Run printhead nozde test sequence 

2) Either Host or SoPEC CPU converts dead nozzle infonnation into dead nozzle table. 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 Failure Mode Use Cases 

1 0.7.1 System errors and security violations 

System errors and security violations are reported to the SoPEC CPU and Host, Software running on the 
SoPEC CPU or Host will then decide what actions to take. 



Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure, 

2) Abort print run. 

-OEM code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print fiuL 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. * 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt* 

1} This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC docs not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 



10.7.2 Printing errors 



Printing errors are reported to the SoPEC CPU and Host Software running on the Host or SoPEC CPU 
will then decide what actions to take. 



Insufficient space available in SoPEC compressed band-store to download a band. 
1) Report to the Host PC. 

Insufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer undemm interrupt will occur. 

2) Report to Host PC and abort print run. 

JPEG decoder error interrupt. 
1) Report to Host PC. 
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11 Central Processing Unit (CPU) 

11.1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fulfill in the system are: 

Communications: 

• Control file flow of data from the USB interface to the DRAM and ISI 
I • Conununication with the host via USB or ISI 

• Running the USB device driver 
PEP Subsystem Control: 

• Page and band heado- processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle infonnation from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve prindiead temperature via the PHI 
Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTER^QA and INK.QA chips 

• Monitor ink usage 

« Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving fi-ont panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management (likely to be in conjunction with the host PC) 

• Miscellaneous housekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least cquiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller running at 16 MHz. An as yet imdetennined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present A number of CPU cores have been evaluated and the LEON P1754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 15 below. 
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Figure 15. CPU block diagram 
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1 1 .2 Dernitions of I/Os 



Table 14. CPU Subsystem l/Os 







wm 




Clocks and Resets 


prstjn 


1 


In 


Global reset. Synchronous to pdk. active low. 


perk 


1 


In 


Global clock 


CPU to DIU DRAM Interface 


cpu_adr(21:0] 


22 


Out 


Address bus (or lx>th ORAM and peripheral access 


cpu.dataout[31:0} 


32 


Out 


Data out to both DRAM and peripheral devices. This stKuitd be 
driven at the same time as the qpu.atfrand request signals. 


dram.cpu.data[255:0] 


256 


In 


Read data from the DRAM 


cpu.dUi.rreq 




Out 


Read request to the OIU DRAM 


d}u_cpu_rack 




In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rwafid 




In 


Signal from OIU teUJng SoPEC Unit that vaJW read data is on the 

dram_cpu^data bus 


cpu_diu_wreq 




Out 


Write request to the OIU 


diu_cpu_wack 




In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu_diu_wvalid 


1 


Oiit 


Signal from the CPU to the DIU indicating that the data currentJy on 
the cpi/_da£aotif bus fs valid 


cpu.diu_wma8k(1 :0] 


2 


Out 


Flag indicating format of CPU write to DRAM 
cpu_dtu^wmask= 00: 8-bit write 
cpu^diu^wmasks 01 : 16^ write 
cpu.cf/u.wmaslr =10: 32-bit write 
cpu^tSu^wmask all: reserved 

cpu_adrt2:0) are driven In accordance with the wkHh of the data 
access indicated by cpu_<Slu^ wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


CPU to peripheral blocks 


cpu.iwn 


1 


Out 


Common read/not-write signal from the CPU 


cpu_aoodeC1:0] 


2 


Out 


CPU access code signals. 

cpu.aoode(0] • Program (0) /Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 


cpu_cpr_sel 


1 


Out 


CPR btock select 


cpr_cpu_idy 


1 


in 


Ready signal to the CPU. When cpr^cpu^nfyls high ft indicates the 
last cyde of the access. For a write cycle this means cpu_dataout 
has been registered by the CPR block and for a read cyde this 
nteans the data on cprjcpu_aata is valid. 


cpf-cpu^berr 


1 


In 


CPR bus enor «'gnal to the CPU. 


cpr_cpu_data{31 K)] 


32 


In 


Read data bus from the CPR t>k>ck 


cpu^plo.sel 


1 


Out 


QPIO bk>ck select 


gpio_cpu_rdy 


1 


In 


GPIO ready signal to the CPU. 


gpk)_cpu_befr 


1 


In 


GPIO bus error signal to the CPU. 


0Pk>_cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO block 


cpujcu_sei 


1 


Out 


ICU bfock select. 


lcu_cpu_rdy 


1 


In 


ICU ready signal to the CPU. 


icu_jcpu_bcrr 


1 


Jn 


ICU t>us error signal to the CPU. 


1 fcujcpu_data{31:01 


32 


In 


Read data bus from the ICU block 
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Out 


LSS l)k>ck select 


tes_cpu_rdy 




tn 


LSS ready signal to the CPU. 


lss_cpu_berr 




In 


LSS bus enor signal to the CPU. 


lss.cpu_<lata[31 :0] 


32 


In 


Read data bus from the LSS block 


cpu_pcu_sel 




Out 


PCU Uock select 


pcu.q^u.rdy 




In 


PCU ready signal to the CPU. 


pcu_cpu_berr 




In 


PCU bus enror signal to the CPU. 


pcu.cpu_data(31 :0] 


32 


In 


Read data bus from the PCU block 


cpu.scb^sel 




Out 


SCB block select 


scb_cpu_rtfy 




In 


SCB ready signal to the CPU. 


scb_cpu_berr 




In 


SCB bus error signal to the CPU. 


scb_cpu_data|31 .-0] 


32 


In 


Read data bus from the SCB block 


cpu_tim_sel 




Out 


Timers block select. 


lim_cpu_rtfy 




tn 


Timers block ready slgniU to the CPU. 


tim_cpu_berr 




In 


Hcnets bus error signal to the CPU. 


tim_cpu_dataf31.*0} 


32 


In 


Read data bus from the Timers block 


cpu_rom_seJ 




Out 


ROM block select 


fom_cpu_fdy 




In 


ROM bk>ck ready signal to the CPU. 


rom_cpu_berr 




In 


ROM bus error signal to the CPU. 


forri_q3u.data[31 X)] 




in 


R^ad data bus from the ROM block 


cpu_pss.8el 




Out 


PSS bk>ck select 


pss_cpu_fdy 




In 


PSS block ready signal to the CPU. 


pS3_q>u_berr 




In 


PSS bus enxjr signal to the CPU. 


pss_cpu.data(31 :0] 




In 


Read data bus from the PSS btock 


cpu_diu.8el 




Out 


OIU register block select. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


diujcpu.ben- 




In 


DIU bus error signal to the CPU. 


diu_cpu_data{3l .-o] 


32 


In 


Read data bus from the DiU block 


Intemipl signals 


^-cpujlevel[3:0] 


3 


In 


An Inten-upt Is asserted by driving the appropriate priority level on 
icu_cpu_Oevef, These signals must remain asserted untD the CPU 
executes an Interrupt acknowledge cycle. 


cpu_icuJlevel[3K)] 


3 


Out 


Indicates the level of the Inten'upt the CPU Is acknowledging when 
cpu^iacki& high 


cpujack 


1 


Out 


Interrupt ackruswledge signat The exact timing depends on the 
CPU core implementation 


Debug signals 


diu_cpu_debug_valid 


1 


In 


Signal indicating the data on the diujcpujdiata bus Is valid debug 
data. 


llm.cpu.debugLvalid 


1 


in 


Signal indicating the data on the Um_cpu^data bus is valid debug 
data. 


scb_cpu_debuoL.valld 


1 


In 


Signal indicating the data on the scb cpu data bus Is vaBd debug 
data. 
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pcu_cpu_d6bug_valid 


1 


In 


SiondJ indicating tha data on the ocu ty^u rlftta Ki^ \mfiH riahmin 
data. 


(ss.cpu.debugLvalkJ 


1 


In 


Signal indicating the data on the Issjcpujdata bus is vafid debug 
data. 


icu_cpu_debuo_valid 


1 


In 


Signal indicating the data on the icujcpujslaList bus is valid debug 
data. 


aplo.cpu.debua.valid 


1 


In 


Signal Incficating the data on the gpio_cpu_daia bus is valid debug 
data. 


cpr_cpujdebug_valid 


1 


In 


Signal Indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug.data_oul 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debuojdat^valid 


1 


Out 


Debug valid signal indicating the validity of the data on 
d9bc/g_d(ata_0(/r. This signal Is used in all debug conffgurations 


debug.cntri 


20 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data ahould be selected by the pin mux 



11.3 Realtime requirements 

The SoPEC realtime requirements have yet to be fiilly determined but they may be split into three catego- 
ries: hard, firm and soft 

1 1.3.1 Haid realtime requirements 

Hard requirements are tasks that must be completed before a ceitain deadline or failure to do so will result 
in an error perceptible to the user (printing stops or functions inconectly). There are three haid realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven directly by the SoPEC device. Four periodic signals with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardware (see section. 13.2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop, the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management: Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor imderrun occur. This buffer management is likely to be performed 
under the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will progranmied in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately. An alternative solution is that the CPU 
will construct a DRAM based set of conunands (see section 21 .8.5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 

. based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but currenUy considered unlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location In DRAM to execute commands fiom. 
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1 1 .3,2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation of perfomiance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, communication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second 



Table 15. Expected flmi requirements 







Pbwer-on to start of printlrig first page [USB and slave SoPEC enumemtion, 3 or more 
RSA signature verifications, code and compressed page data download and chip initidii- 
sation] 


- 8 sees ?? 


Wake-up from sleep mode to start printing |3 or more SHA*1 operations, code and com- 
pressed page data download and chip re-inltialisation 


- 2 sees 


Authenticate ink usage In the printer 


-0.5 sees 


Determining firing pulse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


~ 10 ms 


Configuring PEP registers 


7? 



11.3«3 Soft requirements 

Soft requirements are tasks that need to be done but there are only light time constraints on when they need 
to be done. These tasks are performed by the CPU when there are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after ttiey arc sched- 
uled. 



11.4 Bus Protocols 

As can be seen from Figuiie 15 above there are different buses in the CPU block and diffeient protocols are 
used for each bus. There are three buses in operation; 

1 1 .4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1 .6.6. 1 for more details. Timing and ftiU signal details 
should be provided in the documentation accompanying this core. 

11.4.2 Cache/MMU to OIU bus 

This bus conforms to the DIU bus protocol described in Section 20.13,2. Note that the address and data 
buses are shared with the peripheral bus. The effective bus width differs between a read (256 bits) and a 
write (32/16/8 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1.6.6.2 for more details. 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so diat the appropriate block select 
signal can be generated. During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
common to all peripherals and is also used for CPU writes to the embedded DEIAM. A read access is initi- 
ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri'Stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but tiiree or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks with a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a similar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these commands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals (c/niuacodefJ:OJ). These signals indicate the type of address space 
(i.e. User/Siqjervisor and Program/Data) being accessed by the CPU for each access. Each peripheral must • 
determine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal (blockjcpujberr) with the same timing as its ready signal {Jblock_cpu_rdy) which remains 
deassertcd. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS block from 
code nmning in supervisor mode is successfully completed. This is immediately followed by a read from a 
PEP block via the PCU firom code running in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handier should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 1 1 .4.3. 1 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



Nov 2002 
Page 70 



SoPEC : Hardware Design 



pc'K rmjn_inj~Ljn_jTJTjn 

cpu_adr(21:0] [s^^^ LSS address | PEP address^^s^ Supervisor stadj 



cpu_rwn 



1 r 



cpu„acode[1:0J Supvr Data | User Data ^^^^^ Supvr Data 



cpujss_sel I [ 

lss_cpu^rdy 



lss_cpu_berr 



cpu.dataoutI31:01 I^SS^ LSSdata K^^:S^^;^^^^^:SS^^ 

\ \ 



cpu_pcu_sel 

pcu^cpu.berr 
pcu_cpu_rdy 



pcu_cpu_dataI31;0] ^s^s^^^^^^s^s^^^s^^^^ 0x0000,0000 



Figure 16. CPU bus transactions 

f f .4.3. f CPU subsystem bus siave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 1 7. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
valid_access and reg^available signals. The valid_access is deteraiined by comparing the cpu^acode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting valid^access if the permissions agree with the CPU 
mode. The reg_available signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the reg_available 
signal is an internal signal used to insert wait states (by delaying the assertion of biock^cpujrdy) imtil the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave should return 
zeroes on the unused upper bits of the block_cpu_data bus. 

To support debug mode the contents of the register selected for debug observation, debug^reg, are always 
output on the block^cpuudata bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug, operation. 
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mu Mock sel 
bfodecpu.data = reg^data 



biocK_cpu_beiT » o 
blocK_cpu.data = debuo_reg_data 
block_cpu_debug_vaKd ° 1 



bloclc_cpu. 




Figure 17. State machine for a CPU subsystem slave 



11.5 LEON CPU 



The LEON processor is an open-source implementation of the IEEE- 1754 standard {SPARC V8) instruc- 
tion set. LEON is available from and actively si^ported by Gaisler Research (www.gaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



• IEEE- 1754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate Lnstniction and data cache (Harvard architecure) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set Random, LRR or LRU replacement. Direct 
mapped cacches are also available and are the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC, The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently under review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge), 

The version of the LEON database that the SoPEC LEON components will be sourced from is LEON2- 
L0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl.0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (vl.0.8 introduced support for 
set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prst^n^ectionfl] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 1 1 .9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in (32] and [33] 
respectively. 

1 1 .6 Memory Management Unit (MMU) 

Memory Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memory system and to maintain memory page status (swapped- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affair whose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected, the MMU does not support virtual memory and physical addresses are 
used at all times - the one exertion to this iis the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on the 
area of memory being accessed. The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error» instruction access error) it appears to handle them in the same marmer as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap.The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 
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J3 



Accesses in this 
area are not 
allowed and 
result in a txjs 
ent>r exception. 



Accesses In this 
area are via the 
CPU bus and are 
controlled by 
permissions set in ^ 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled t>y 
permissions set in) 
the MMU. 




OxFFFF^FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



Ox002A«COO0 
()x002A_0000 
0x0029^0000 
0x0028^0000 




ORAM 
Regions 



0x0000.0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

11.6.1 CPU-bus peripherals address map 

- The address mapping for the peripherals attached to the CPU-bus is shown in Table 16 below. The MMU 
performs the decode of the high order bits to generate the relevant cpuJblock_select signal. Apart from the 
PCU, which decodes the address space for the PEP bloclcs, each block only needs to decode as many bits 
of cpu_adr[l 1:2] as required to address all the registets within the block. 

Table 16. CPU-bus peripherals address map 



MMU.base 


0x0029_0000 


TiM^base 


0x0029.1000 


LSS_base 


0x0029.2000 


GPIO_t)ase 


0x0029^3000 


SCB^base 


0x0029.4000 


ICU.base 


0x0029.5000 


CPR_base 


0x0029.6000 


ROM_base 


0x0029.7000 


DIU.base 


0x0029.8000 


PSS_base 


0x0029.9000 
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Table 16. CPU-bus peripherals address map 







Reserved 


Ox0O29_A00O to 0x0029^FFFF 


PCU.base 


0x002A_0000 



11.6^ DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 
address and with its own access permissions. 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access requirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real m^pings are likely to differ significantly from this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifted by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details, see 
11.6.5.1 and 11.6.5.2. 



Tabte 17. Example region mapping 











0 


0x0000.0000 


OxOOOO.OFFF 


SiJverforook OS (supervisor) data 


1 


0x0000.1000 


OxOOOO.BFFP 


Silvsrbfook OS (supervisor) code 


2 


OxOOOO^COOO 


OxOOOO.C3FF 


SilvQrbroolc (supervisor/user) data 


3 


OxOOOO_C400 


OxOOOO_CFFF 


Siiveibrook (supervisor/User) code 


4 


Ox0026_DOOO 


0x0026.O3FF 


OEM (user) data 


5 


QX0026.D400 


0X0026.OFFF 


OEM (user) code 


6 


0xOO27_EO00 


0x0027.FFFF 


Shared Silverbrook/OEM space 


7 


OxOOOO.OOOO 


0x0026_CFFF 


Compressed page store (supervisor data) 



1 1 .6.3 Non-DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028_0000 to 0x0028.FFFF): The ROM block will control the access types allowed. The 
cpujxcode[l:0] signals will indicate the CPU mode and access type and the ROM block will assert 
romjcpujberr if an attempted access is foibidden. The protocol is described in more detail in section 
1 1.4.3. The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
ChipID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029^0000 to Ox0029_OFFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmu_cpujberr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029_1000 to 0x0029_FFFF): Each peripheral block vnll 
control the access types allowed. Every peripheral will allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 
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any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11.4.3. 

I PCU Mapped Registers (OxOO2A.000O to 0x002A.BFFF): AU of the PEP blocks registers which are 

accessed by the CPU via the PCU will inherit the access permissions of the PCU. These access pcnnis- 
sions are hard wired to allow supervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

I Unused address space (OxOOlA^COOO to OxFFFF^FFFF): All accesses to the unused portion of the 

address space will result in the mmu^cpu^berr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated. 

I1 1 .6.4 Reset exception vector and reference zero traps 
When a reset occurs the LEON processor starts executing code from address 0x0000^0000. On SoPEC the 
embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 
processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from 0x0000.0000 through 0x0000^00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028.0000 through 0x0028.00??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0x0000.0000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique tn^ {e.g. a watchpoint 
detected trap) 

11.6.5 MMU Configuration Registers 

These are the only configuration registers in the CPU block. Note that all the MMU configuration registers 
may only be accessed when the CPU is rmming in supervisor mode. 



Table 18. MMU Configuration Registers 













0x00 


RegionOBottom 


17 


0x0.0000 


Hiis register contains the physfcal address that 
marks the bottom of region 0 


0x04 


RegionOTop 


17 


OxF^FFFF 


This register contains the physical address that 
marics the lop of region 0. Region 0 covers the 
entire address space after reset whereas alt 
other regions are zero-sized initially. 


0x08 


Regfoni Bottom 


17 


OxO_0000 


This register contains the physicaf address that 
marks the bottom of region 1 


OxOC 


RegionlTop 


17 


OxO.OOOO 


This register contains the physical address that 
marks the top of region 1 


0x10 


RegIon2Bottom 


17 


0x0.0000 


This register contains the physical address that 
nrtarks the tx)ttom of region 2 


0x14 


RegfondTop 


17 


0x0.0000 


This register cont^ns the physical address that 
marks the top of regk>n 2 


0x18 


Reglon3Bottom 


17 


0x0.0000 


This register contains the physical address ttiat 
marks the bottom of region 3 


0x1 C 


Region3Top 


17 


Ox0_0000 


This register contains the physical address that 
marks the top of region 3 
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Table 18.MMU Configuration Registers 











0X20 


RdQion4Bottoin 


17 


OxOjOOOO 


This register contains the physical address that 
marks the bottom of region 4 


0x24 


Regtoii4Top 


17 


0x0.0000 


This register contains the physical address that 
nr^arks the top of region 4 


0x28 


RegionSBottom 


17 


OxO_0000 


This register contains the physical address that 
marks the t)ottom of region 5 


0x2C 


Region 5Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 5 


UXOU 


KsgionDDOuOfTi 


17 


OXOJOOOO 


This register contains the physic^ address that 
nrtarks the bottom of regk>n 6 


0x34 


Region6Top 


17 


OxO.0000 


This registe r contal ns the physical address that 
marks the top of region 6 


0x38 


RegionTBotlom 


17 


0x0.0000 


This register cont^ns the physical address that 
marks the bottom of region 7 


0X3C 


RegionTTop 


17 


0x0^0000 


This register contains the physical address that 
marks the top of region 7 


0x40 


RegionOControl 


6 


0x07 


Control register for region 0 


0x44 


Regioni Control 


6 


0x07 


Control register Ibr region 1 


0x48 


Region2Contro] 


6 


0x07 


Control register for region 2 


0x4C 


RegionSControl 


6 


0x07 


Control register for region 3 


0x50 


Regton4Control 


6 


0x07 


Control register for region 4 


0x54 


ReglonSContro) 


6 


0x07 


Control register (or region 5 


0X58 


RegioneControl 


6 


0x07 


Control register for region 6 


0X5C 


ReglonTContfo) 


6 


0x07 


Control register for regfon 7 


0x60 


BusTImeout 


16 


OxOOFF 


This register should t>e set to the number of pclk 
cycles to wait before aborting an access with a 
bus error. 


0x64 


OebugS«l6ct 


7 


0x00 


Contains address of the register selected for 
debug observatfon. It is expected ttiat a number 
of pseudo*registers will be made available for 
debug observation and these win be outlined 
during the implementation phase. 



tt.6.5.t RegionTop and RegionBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81920 words of 256 bits each. All region 
boizndaries need to align with a 256-bit woixL Thus only 17 bits aie required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shif^g the 
register value by 5 bits i.e. cpu_adr[21:0] = RegionNTop/Bottom[16:0] « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted. That is if a DRAM address appears in 
both Regionl and Region3 (for example) the cpu^acode of an access is checked against the access pennis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
' not permit the access then it will not be allowed. 
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The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 

ii.6,5,2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControi register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 1 9 describes the function of each bit field in the RegionNControi registers. All bits in a RegionNCon- 
troi register are both readable and writable by design. However, like all registers in the MMU, the 
Reg^otiNControl registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 











SupervisorAocess 


2.'0 


Denotes the type of access allowed when the CPU Is running in 
SupenAsor mode. For each access type a 1 indicates the access is 
permitted and a 0 Indicates the access is not permitted, 
bito ' Data read access permission 
bitl - Data write access permission 
I>it2 • Instruction fetch access permission 


UserAccess 


5:3 


Denotes the type of access allowed when the CPU is running in 
User mode. For each access type a 1 indicates the access is per- 
mitted and a 0 indicates the access is not permitted. 
bi!3 • Data read access permission 
t>lt4 - Data write access permission 
bits - Instruction fetch access permission 



1t.6.5.3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the tr^ handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions unique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core using die above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 

1 1 .6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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Figure 19. MMU Sub-block partition, external signal view 
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Figure 20« MMU Sub-block partition, internal signal view 

L£ON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols tised on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 



Table 20. LEON bridge l/Os 







mil] 




Global SoPEC signals 


pfst_n 


1 


(n 


Global reset Synchronous to pdk, active low. 


pdk 


1 


In 


Global dock 


LEON Bridge to AHB signals 


haddr(31:0] 


32 


In 


AHB address bus 


hwdatalSL-O] 


32 


in 


AHB write data bus 


hrdata[31:0] 


32 


Out 


AHB read data bus 


hsei 


1 


In 


AHB stave select signeJ 
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Tabte 20. LEON bridge VOs 











hwrite 


1 


In 


AHB write signal: 
1 " Write access 
0 * Read access 


htrans 


2 


In 


Indicates the type of the current transfer: 

00 -IDLE 

01 - BUSY 

10-NONSEQ 

11 -SEQ 


hsize 


3 


In 


Indicates the size of the current transfer: 
000- Byte transfer 
001 - Halfwofd transfer 
010 -Word transfer 

t XX ' Unsupported larger wordsizes 




3 


In 


inuiMcuos If uie cu«i oni ucuisidi iwi rns pan oi a Dursi anu uie Type OT 
burst 

000 -SINGLE 
001 - INCH 

010 - WRAP4 

011 -1NCR4 
100 -WRAPS 
101 • INCR8 
110-WRAP16 
111 -1NCR16 


hprot 


4 


In 


Protection control signals pertaining to the current access: 
hproi(0] • Opcode(O) / Data(1) access 
hprot[1 j - User(0) / Supervisor access 

hprot[2] - Non-buff8rable(0) / Bufferable(l) access (unsupported) 
hprot(3j - Non-cacheable(0)/Cacheable access 


hmaster 


4 


In 


Indicates the identity of the current bus master This will always be 
the LEON core. 


hmsistlock 


1 


In 


Indicates that the current master is performing a locked sequence 
of transfers. 


h ready 


1 


Out 


Active high ready signal indicating the access has completed 


iiresp 


2 


Out 


indicates the status of the transfer: 
00 -OKAY 
01 • ERROR 

10 - RETRY 

1 1 - SPUT 


hspfit 


16 


Out 


This 16-bit split bus Is used by a slave to indicate to the arbiter 
which bus masters should be allowed attempt a split transaction. 
This feature wiU be unsupported on the AHB bridge 


Toprevel/ Common LEON bridge signals 


cpu_dataout(31 K)] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


cpu_rwn 


1 


Out 


Read/NotWrite signal 1 = Current access is a read access. 0 s 
Current access is a write access 


icu_cpu_nevell3:0] 


4 


In 


An interrupt Is asserted by driving the appropriate priority level on 
icu^cpu_ilevBL These sigr^s must remain asserted until the CPU 
executes an interrupt acknowledge cyde. 


cpu_icujleve![3.'0] 


4 


In 


Indicates the level of the interrupt the CPU is acknowledging when 
qHJ Jackie high 
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Table 20. LEON bridge l/Os 









cpu.iacK 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core ImplementaUon 


cpu_start_acces8 


1 


Out 


Start Access slgnaJ Indicating the start of a data transfer and that 
the cpu_adr, cpu_dataout, cpu^rwn and cpu^acode signals are all 
valid. TWs signal Is only asserted during the first cyde o1 an access. 


cpu.ben[1 :0] 


2 


Out 


Byte enable signals. 


LEON core to LEON 


bridge signals 


iuMrl 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuoJrl 


4 


In 


Acknowledged Interrupt level from the LEON Integer Unit 


(uo.tntack 


1 


In 


Intenupt acknowledge signal from the LEON Integer Unit 


LEON bridge to MMt 


Control Block signals 


cpu_mmti_adr 


32 


Out 


CPU Address Bus. 


fnmu_cpu_data 


32 


In 


Data bus from the MMU 


mmu_cpu_rdy 


1 


In 


Ready signal from the MMU 


cpu_rnnnLf__aco<ie 


2 


Out 


Access code signals to the MMU 


1 mmu_cpu_berr 


1 


In 


Bus error signal from the MMU 



DescripUon: 

The LEON bridge must ensure that all CPU bus and interrupt transactions are flinctionaUy correct and that 
the tuning requirements are met This sub-block is also responsible for ensuring cndianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses {hrdata, cpu^dataout 
and mmu_cpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought wiU be required to ensure that overall CPU access times 
arc not excessively degraded by the use of too many register stages. 

11.6.6.2 DIU Bus Interface 

The DfU bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol whUc the DIU manages the arbitration 
and data alignment. 



Table 21, DIU Bus Interface i/Os 





mm 




Global SpPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pc/A; active k>w. 


polk 


1 


In 


Glot)al dock 


Toplevel/Common DIU Bus Interface signals 


dram_cpu_data[255r0J 


256 


In 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


dlu_cpu_fack 


1 


In 


Acknowledge from 0(U that read request has been accepted. 


dio.cpu_rvalfd 


1 


In 


Signal from DIU indicating that valkJ read data is on the 

dmm_cpu_data bus 


cpu_diu_wreq 


1 


Out 


Wrrte request to the DIU 
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i3 



Table 21. DIU Bus Interface UOs 











1 


In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu.diu_wvalicl 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_^dataout bus is valkJ 


cpu_diu_wmask[l :0] 


2 


Out 


Flag Indicating format of CPU wrfte to DRAM. These signals are 

directly derived from the cpujoen signals 

cpujaiu^wmask = 00: 8-blt write 

cpu^dlujmnask s 01 : 1 6-bit write 

cpiL.diu^wmask= 10: 32-brt write 

cpu^diu^wmask = 11: reserved 

cpu_adr[2:01 are driven in accordance with the width of the data 
access indk:ated by cpu_diu^wmask. Addresses cannot cross a 
256-brt word DRAM boundary. 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid for a read cycte or that the data was successfully dispatched 
to the DIU for a write cyde. 


DIU Bus Interface to MMU Control Block signals 


cpu_adrt21:0] 


22 


In 


Toplevel CPU Address bus. 


dram.(iata(3lX)] 


32 


Out 


Data bus containing the 32 bits addressed by cpu_adr(4:2]Uom the 
256*b}t DRAM read bus dram_^q3u_data 


dram.aocess^en 


1 


In 


Enable Access signal. A DRAM access cannot be initiated unless it 
has been enabled by the MMU Control Unit 


DfU Bus Interface to JCache signals 


ic_cache.hit 


1 


In 


Cache hit signal from the ICache. This indicates thai the current 
CPU read request is being serviced by the ICache and so should 
not be retrieved from the DRAM. 


DIU Bus interrace to L£ON bridge signals 


cpu.ben[l:0} 


2 


In 


Byte enable signals from the LEON bridge. These are fonvarded on 
to the DiU as the cptcc/rtJLwma^Af signals 


cpu.start.access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpu^dataout, cpu_rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cyde of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU. This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dram^access^en is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 2 1 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram^cpu^data[255:0] for every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpu_adr[4:2J. 
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cpu_diu_rroq « 0 
qxi^diu^wreq = 0 
cpu.dhj.wvalid s o 

df ain_rdy « 0 



CPU start aer»M 



dram. 




f Read AccessN 
V Initiated J 



cpu_dlu.nr8q « 0 



configure data select muxes 
aooordfng to cpu_adrt4:2} 



f Read AccessN 
^Acknowledge^ 



dfu CPU f^t9r*^K ^ t 

dram^rdy ss 1 
ita =s dfam__cpu_da&[n:o-31) 



dlu CPU rvfifffi — ft 
dram.rdy s o 



I ^ead Access\ 
^Complete ^ 



/write Access\ 
V Initiated ) 



dhj CPU waelc.= f 
q)ujdju.wraq » 0 




dhj CPU wvarid — 1 
dram^rdy « i 



/Write AccessN 
VCon^lete/ 



dhj CPU wvatrd. 

dfBm./dy bQ 



Figure 21. DIU Bus tnteiface state machrne 



11.6.6.3 CPU Subsystem Bus interface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. ^ 



Table 22. CPU Subsystem Bus Interface l/Os 





^1 






Global SoPEC signal! 




prsl_n 


1 


In 


1 Global reset. Synchronous to pdk, active low. 


polk 


1 


{n 


1 Global dock 


Toplevcl/Common CPU Subsystem Bus Interface signals 


cpu_cpr_sel 


1 


Out 


CPR tAock select 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_teu_sel 


1 


Out 


ICU block select. 


cpujss^sel 


1 


Out 


LSS block select. 


cpujx:ii_sel 


1 


Out 


PCU block select. 



Doc: SoPEC.hardware.design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 84 



SoPEC : Hardware Design 



Table 22. CPU Subsystem Bus Interface l/Os 











cpu_scb_sel 


1 


Out 


SOB block select. 


cpu_llm_seJ 


1 


Out 


Timers block select. 


cpu_rom_sel 




Out 


ROM block select. 


cpu^pss.sel 




Out 


PSS block select. 


q5u_diu_sef 




Out 


DIU block select 


cpf_cpu_data(3 1 :0] 


32 


In 


Read data bus from the CPR bk>ck 


gpio_cpujdata[31 :0] 


32 


In 


Read data bus from the G PIG bJock 


icu_cpu_data{31 :0) 


32 


In 


Read data bus from the ICU bk)ck 


Iss_cpu_dala(3 1 :0] 


32 


In 


Read data bus from the LSS block 


pcu.cpu_data(31 K}] 


32 


In 


Read data bus from the PCU fcrfock 


scb_cpu_dataJ31 :0J 


32 


In 


Read data bus from the SCB block 


tim_cpu_data(31 :0] 


32 


In 


Read data bus from the Timers block 


rom_cpu_data[31 :0J 


32 


In 


Read data bus from the ROM block 


pss_cpu_data[31 :0} 


32 


In 


Read data bus from the PSS tAock 


diu_cpu.data[31 :0] 


32 


In 


Read data bus from ttie DIU block 


cpr_cpu_idy 


1 


In 


Ready signal to the CPU. When cpr_cpu^rciyis high it indicates the 
last cycle of the access. Fdr a write cyde this means cpu^dataout 
has been registered by the CPR block and tdr a read cycie this 

moAfis thfi data on An/* /^^j Hsif^ %/5»ttH 


gpio_cpu_rdy 




In 


GPIO ready signal to the GPU. 


lcu_cpu_fdy 




In 


ICU ready signaJ to the CPU. 


lss_cpu_rdy 




In 


LSS ready signal to the CPU. 


pcu_cpu_rdy 




In 


PCU ready signal to the CPU. 


scb_cpu_rdy 




In 


SCB ready signal to the CPU. 


tim_cpu_rrfy 




tn 


Timers block ready signal to the CPU. 


rom_cpu_rdy 




In 


ROM bk)Ck ready signal to the CPU. 


pss_cpu_rrfy 




In 


PSS bkxk ready signal to the CPU. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


Cpr_cpu_befr 




In 


Bus Error signal from the CPR block 


flpio_cpu_berr 




In 


Bus Error signal from the GPIO block 


tew_cpu_berr 




In 


Bus Error signal from the tQU block 


Iss^cpu^berr 




In 


Bus Error signal from the LSS block 


pcu_cpu_befr 




In 


Bus Error signal from the PCU bkx:k 


scb.cpu.berr 




In 


Bus Error signal from the SCB block 


tim_q3u_berr 




In 


Bus Error signal from the Timers block 


fom_cpu_berr 




In 


Bus Error signal from the ROM block 


pss_cpu_berr 




In 


Bus Error signal from the PSS block 


diu.cpu.berr 




In 


Bus Error signal from the DIU block 


CPU Subsystem Bus Interface to MMU Control Btock signals 


cpu_adit19:12] 


6 


In 


Toplevel CPU Address bus. Only bits 1 9-12 are required to decode 
the peripherals address space 


perLaccess.en 


1 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 







mi 




perl_jmmu_data[31 :0] 


32 


Out 


Data tKis from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal, indicates the data on the peri_mmu^data bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


peri_mmu_beiT 


1 


Out 


Bus Error signal. Indicates a bus error has occurred In accessing 
the selected peripheral 


CPU Subsystem Bus Interface to LEON brief se signals 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpujdataout, cpu^nvn and 
cpu_acocfe signals are all valid. This signal Is only asserted during 
the first cycle of an access. 



Description: 

The CPU Subsystem Bus Interface block performs simple address decoding to select a peripheral and mul- 
tiplexing of the returned signals from the various peripheral blocks. The base addresses used for the 
decode operation are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MNOJ Control Block rather than the CPU Subsystem Bus Interface block. The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

inasked_cpu_adr = cpu^adr 1 19 : 12] 
case ( inasked_cpu.adr } 
when Tr»L.base[19:121 

cpu^tiausel = peri^access^en // The peri_access_en signal will have the 

perijnmu_data = tiin_cpu_data // timing required for block selects 

peri_nwiu_rdy = tiin_cpu_rdy 

peri_;nmu_berr = tim_cpu_berr 

'*^^-other_selects = 0 // Shorthand to ensure other cpu_biocK_sel signals 

// remain deasserted 

when LSS_basetl9:12) 

cpu_lss^sel = peri_acc€ss_en 

peri_mmu_data = lss_cpu__data 

peri_mmu_rdy s lss_cpu_rdy 

peri_inmu_berr = lss_cpu_berr 

all_other_selects = 0 
when GPIO_baseI19:121 

cpu_gpio_sel = peri_access_en 

peri_inmu_data » gpio_<:pu_data 

peri_inmu__rdy = gpio^cpu_rdy 

peri_jnniu_berr = gpio^cpu_berr 

all_other_selects = 0 
when SCB_baseCl9:12] 

cpu_scb_sel = peri_access_en 

peri_mmu_data = scb_cpu„data 

peri_pTOu_rdy « scb_cpu_rdy 

peri^jnmu_berr = scb_cpu_berr 

all_ocher_selects = 0 
when ICU_base[19: 12) 

cpu_icu_sel = peri_access_en 

peri_jnmu_daca = icu_cpu_data 

peri_inmu_rdy = icu_cpu_rdy 

peri_;iimu__berr = icu_cpu_berr 

all_other_selects « 0 
when CPR_base(19:12J 

cpu_cpr_sel = peri_access_en 

peri_pTmu_data = cpr_cpu_data 
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peri_iiiinu^rdy » cpr_cpu„rdy 
perijnrau_beirr = cpr_cpujberr 
all.other_selects s 0 
when RQM^base[19:12] 

cpu_roin_.sel = peri^access^en 
peri_pnnu.data = roin_cpu_data 
peri_pimu^rdy ss roxn_cpu_rdy 
peri_jnnixi_berr = ronucpujberr 
all_other.8elects = 0 
when P5SJba8eC19:12] 

cpu_pss_flel = peri_accBS8_en 
peri_7rKnu^data = pss_cpu_data 
peri^^nmu^rc^ » pss_cpu_r<a(y 
peri_jflnmu^berr = pss^cpu^berr 
all__other_selec.ts » 0 
when DIU_base[19:121 

Cpw_diu_sel B peri.access_en 
peri_jinrau_data = diu^cpi^data 
peri_inmu_rdy = diu^cpu_rdy 
X>eri_mmu_berr = diu_cpu_berr 
all_other_selects = 0 
when PCULbasefl9:12) 

cpu^diu^sel = peri_access_en 
peri_iranu_data = pcu_cpu_data 
peri_irTOU^rdy = pcu_cpu^rdy 
peri_inmu_berr = pcu_cpu_berr 
all_other_selects = 0 
when others 

all_block_selects = 0 
peri_ininu_data = OxOOOOOOOO 
peri_inmu_rdy = 0 
peri_inmu_berr = 1 
end case 



tf. 6.6.4 MMU Control Biock 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmu_cpu_rdy or mmu_cpujberr. To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



Table 23. MMU Control Block l/Os 











Global SoPEC signals 


prst_n 


1 


In 


Global reset Synchronous to pcZ/c. active low. 


pdk 


1 


In 


Global dock 


Toplevel/Common MMU Control Block signals 


cpu_adr{21:0) 


22 


Out 


Address bus for both ORAM and peripherai access. 


cpu_acode{1 :0] 


2 


Out 


CPU access code signals icpu^mmu_acode) retimed to meet the 
CPU Subsystem Bus timing requirements 


dranri.aocess_en 


1 


Out 


DRAM Access Enable signal. Indicates that the current CPU 
access is a valid DRAM access. 


MMU Control Block to LEON bridge signals 
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Table 23. MMU Control Block VOs 



cpu.mmu_adr(31:0] 


32 


In 


CPU core address bus. 1 


cpu.clataout[31.*0J 


32 


In 


Toplevel CPU data bus | 


mmu_cpu_clata{31 :0} 


32 


Out 


Data bus to the CPU core. Carries the data tor all CPU read opera- 
tions 


cpu_rwn 


1 


In 


lopievei uru nead/notWnte signal. 


cpu_mmu.aGode{1 .-OJ 


2 


In 


CPU access code signals 


mtnujcpujrdy 


1 


Out 


Ready signal to the CPU core. Indicates the completion of all valid 
CPU accesses. 


iTinriu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal is asserted to termi- 
nate an invalkJ access. 


cpu_$iait_iaocess 


1 


In 


Start Access signal from the LEON bridge Indicating the start of a 
data transfer and that the cpu_adr, (pu_dataout, cpu rwn and 
cpu_acocte signals are all valid. This signal is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Inteniipt Acknowledge signal from the CPU, This signal is only 
asserted during an interrupt acknowledge cycle. 


cpu_ben[1 :0] 


2 


In 


Byte enable signals indicating which bytes of the 32-bit bus are 

being accessed. 


MMU Control Block to 


OIU Bus interface signals 


dram_rdy 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu^data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cyde. 


MMU Control Block to 


ICache signals 


ic_data[3l:0] 


32 


In 


Data bus from the ICache 


k;_rdy 


1 


in 


Ready signal from the ICache indicating the data on «? data is valid 


MMU Control Block to 


CPU Subsystem Bus Interface signals 


peri_access_en 


1 


Out 


EnaWe Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 


peri_nnmu_data[31 :0J 


32 


In 


Data bus from the selected peripheral 


peri_mmu_fdy 


1 


In 


Data Ready signal. Indicates the data on the perLmmu data bus Is 
valid for a read cyde or that the data was successfully written to the 
peripheral tor a write cyde. 


peri_mmu_berr 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



Description: 

The MMU Control Block \s responsible for the MMU's core functionality, namely determining whether or 
of h?,'r" """^ ""^^ °/.*' ^ ""^^ « a>r>^Af^ valid if it is to a mapped area 

the Ml^f f Tk. *l appropriate mode for that address space. FuXrmore 

fte MMU control block must conectly handle the special cases that are: an intem.pt actaowledge cycle, a 
r«et exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition The following pseudocode shows the logic required to implement the MMU Control Block 
fimctionality. It does not deal with the timing relationships of the various signals - it is the designer's 
responsibility to ensure that these relationships are oonect and comply with the diflFeient bus protocols 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere m this description. Most signaU have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The post^resetjstate variable is used later (in section 
FS4) to detennine if we should translate the reset exception vector address or tr^ a null pointer access. 

PSO: 

const UnuscdBottom = 0x0 02 ACQ 00 
const DRAMTop = 0x0027FFFP 
const UserOataSpace = bOl 
const UserPrograinSpace ^ bOO 
const SuperviaorDatnSpace = bll 
const Supervisor ProgramSpace = blO 

const timeout^limit = 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles = 0x8 

cpu_adr_peri_;nasJcedC7 :0] = cpu_n«ru_adr 1 19 : 12 J 
cpu_adr_dran>_jnaskedri6 :0] = cpu^mmu.adr & 0xO03FFFEO 

if (prst^ 0) then // Initialise everything 
cpu_adr « cpu_iittnu__adrC21 : 01 
peri_access_en = 0 
draiii_acc e s s_en ^ 0 
ininu_cpu_data = peri_jnnaj_data 
inaiu_cpu_3rdy » 0 
inmu_cpu_berr = 0 
post_reset_state = TRUE 
access_initiated = FALSE 
cpu^access_cnt =0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( (cpu^start^access === 1) AND (cpu.access^cnt < ResetExceptionCycles ) AND 
(cloclc_tick == TRUE)) then 
cpu_access_cnt = cpu_access_cnt +1 
else 

post_reset_3tate = FALSE 

PSl Description: This section is at the top of the hierarchy that determines the validity of an access The 
address is tested to see which macro-region (i.e. Unused. CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 

PSl: 

if (cpu_inmtL_adr >= UhusedBottom) then 

// The access is to an invalid area of the address space. See section P52 

elsif ( (cpu_nriu„adr > DRAHTop) AND «cpu_mmu_adr < UnusedBottom) ) then 

// We are in the CPU Subsystem/PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM adciress space 

// First we need to intercept the special case for the reset exception vector 

elsif (cpu_iimu_adr < 0x00000010) then 

// The reset exception is being accessed. See section PS4 

elsif ( (cpu_adr_dram_masked >= RegionOBottom) AND <cpu.adr_dram_n;asked <= 
RegionOTop) ) then* 
// We are in RegionO. See section PS5 

elsif ((cpu_adr_draiiuinas)ced >= RegionNBottow) AND (cpu.adr.dranumasked <= 
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RegionNTop) ) then //vie are in RegionN 
// Repeat the RegionO (i.e. section PS5> logic for each of Regionl to Region? 

else //We could end up here if there were gaps in the ORAM regions 
peri_access_en = 0 
drain_access_en = 0 

nnnu_cpu_berr = 1 //we have an unknown access error, moat likely due to hitting 
ininu_cpu_rdy =0 //a gap in the DRAM regions 

// Only thing remaining is to iioplement a bus tizneout function. This is done in PS6 

end 

PS2 Description: Accesses to the large unused area of the address space are trapped by this section. No 
bus transactions are initiated and the mmu^cpujberr signal is asserted. 

PS2: 

els if ( cpu_tnmu_adr >= UnusedBottom) then 

peri_access_en = 0 // The access is to an invalid area of the address space 
draji\_access_en = 0 
nTOu_cpu_berr = 1 
niimi_cpu_rdy « 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripherals, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required. Access to 
the MMU registers is only permitted of the CPU is making a data access from supenrisor mode, otherwise 
a bus error is asserted and the access terminated. For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpu_acode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

els if ( (cpu_nTmu_adr > DRAMTop) AND (cpujninu_adr < UnusedBottom) ) then 
// We Are in the CPU Subsystem/ PEP Subsystem address space 

cpu_adr = cpu_nirau_adr [21:01 

if (cpu_adr_peri_ma3ked == KMU_base) then // access is to local registers 
peri^acceas_en = 0 
drai!L_access_en = 0 

if <cpu_acode == SupervisorOataSpace) then 
for (i=0; i<26; i++) { 

if ((i a» cpu_rrenu_adr(6: 2) ) then // selects the addressed register 
if {cpu_rwn == 1) then 

inmu_cpu_data (16 : 0) = HMURegCi] // MMUReg[i] is one of the 
nTOu_cpu_rdy - I // registers in Table 18 

tnrriu_cpu_berr = 0 
else // write cycle 

MMURegdl = cpu_dataout [16 : 0) 
win\u_cpu_rdy = 1 
tnmu_cpu_berr » 0 
else // there is no register mapped to this address 

mmu_cpu_berr =1 / / do we really want a bu3_error here as registers 
«wu_cpu_rdy = 0 // are just mirrored in other blocks 

else //we have an access violation 
• • nirau^cpu_berr » 1 

inrou^cpu^rdy = 0 

else // access is to something else on the CPU Subsystem Bus 
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peri_access_en = 1 
. drain_access_en = 0 
inrou_cpu_data = peri _jrinu_data 
nanu_cpu_rdy = perijnrau^rdy 
inmu_cpu_berr = peri_|nmu_berr 

PS4 Description: The only correct accesses to the locations beneath 0x00000010 are fetches of the reset 
trap handling routine and these should be the first accesses after reset Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
nuU pointer in the program executing on the CPU. 

PS4: 

elsif (cpujnmu_adr < OxOOOOOOlO) then //may need to translate a wider range - depends 
If (post reset state TRUE)) then // on how LEON handles the reset exception. 
cpn_adrf21:01 = {ROM^base(21 :3) , cpujnmu_adrl 2 : 0 J ) 
peri_access.en = 1 
dram^access.en = 0 
xmiu_cpu.dat:a » peri_jninu_dota 
nmu_cpu_r<3^ = peri_imiu_rdy 
mnu_cpu_berr b perijnmujberr 
else // we have a problem <almost certainly a null pointer) 
peri_access_en = 0 
dra]CL.aGcess_en = 0 
inmu_cpu_berr e 1 
inniu_cpu_rc(y = 0 

^^^p '^^^""^ pseudocode simply checks whether the access is within the bounds 

Of DRAM RegionO and if so whether or not the access is of a type pennitted by the RegionOContml regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instruction fetches are returned via the ICache interface regardless 
of whe^er they come from a cache hit or refill from DRAM. If the access is not of a type pennitted by the 
R^onOControl register then the access is terminated with a bus error. 



PS5: 



eXsif ((cpu_adr„draiiun>asJced >= RegionOBottom) AND (cpu^adr dranumasJced <= 
RegionOTop) ) then // we are in RegionO 

// need to check that the DRAM access does not cross a 256-bit boundary 
// Only 16 or 32-bit CPU accesses are capable of traversing a 256-bit boundary 

Ucpu^u_adr 14:03 OxlF) AND ((cpu^ben bOl) OR (cpu ben « biO) ) ) 
OR ((cpujnmu_adrt4:0] == QxlE) AND (cpu^ben == blO) ) 
OR ((cpujninu_adrt4:03 =« QxlD) AND (cpujben == blO) > > then 

peri_access_en = 0 

draiiL.access_en ^ 0 

inmu_cpu_berr = 1 

nanu^cpu_rdy = 0 

else // access does not cross 256-bit: boundary so we can proceed 
cpu_adr e cpu_?ninu_adr (21: OJ 
if (cpu_rvm 1) then 

if ((cpu_acode == Supervisor ProgramSpace AND RegionOControl f2 J == 1)) 
OR (cpu_ocode User ProgramSpace AND RegionOControl (5] 1)) then 

// this is a valid instruction fetch from RegionO 
peri_access_en = 0 
drain_access_en = 1 
iranu_cpu_data = ic_data 
mmu_cpu^rdy «s ic^rdy 
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mmu— cpu^berr = 0 



elsif ((cpu^acode SupervisorDataSpace AND RegionOcontroKOJ == 1) 
OR (cpu_acode =« UserDataSpace AND RegionOControl [3 ] 1)) then 

// this is a valid read access from RegionO 

peri^access.en = 0 
dranL.access.en = 1 

inmu_cpu_data = dranudata // possibly drc^data if dcache is used 
OTnu_cpu_rdy - dranurdy // possibly drc_rdy 
ramn^cpu Jberr = 0 

// we have an access violation 

peri_acc€ss_en =s 0 
drasL^access^en = 0 
nanu_jcpu^berr = 1 
nntiu_cpu^rdy = 0 

// it is a write access 
if <(cpu_acode == SupervisorDataSpace AND RegionOControl C 11 == 1) 

OR (cpu.acode == UserDataSpace AND RegionOControl f 4] 1)) then 

// this is a valid write access to RegionO 

peri_access_en = 0 
draz(v_access_en = 1 

inmu_cpu.rdy = draiti_rdy // possibly dwc_r^ if dcache is used 
inmu_cpu_berr = 0 

//we have an access violation 

peri_access_en » 0 
dra«t-access_en = 0 
nOTU-Cpu_berr = 1 
ininu_cpu_rdy = 0 

PS6 Description: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeoutjimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
in imported IP) each access should complete before the timeoutjimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 

PS6: 

// Only thing remaining is to implement a bus timeout function. 

if < (cpu^start_access == 1) then 
access.initiated - TRUE 
timeout_countdown s BusTimeout 

if ( <mmu^cpu_rdy »= 1 ) OR (mmu_cpu_berr *«1 )) then 
acc essoin itia ted = FALSE 
peri_access_en « 0 
dr«m._access_en = 0 

if ( (docket icJc == TRUE) AND (access_initiated == TRUE}) 
if <timeout__countdown > 0) then 

t imeout_countdown- - 
else // timeout has occurred 

peri_access_en =0 // abort the access 

dram_access_en « 0 
n«nu_cpu_berr . = 1 
mmu^cpu_rdy = 0 
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J3 



I 11.6.6.5 ICache 

The ICache sub-block implementation is described in section 1 1.7.1.1. 



11.7 Cache 



The decision on what type of caching solution to use on SoPEC is still open for the moment There are 
hvo probable solutions: a) use the LEON caches with a minimal configuration (I KB I and D caches) and 
b) use separate simple one line 256-bit caches for instruction, data read and data write accesses From a 
performance and (niost likely) implementation pomt of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to aU mem- 
00^ accesses^ The perfbimance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
usmg the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
avSS °" ^""^ '^"^ ^ '^^'^ ^"'^'^ infonnation is 

I^"f5°".'^r f °v '"^''^ '"'^ P^'^"' ^ P'*^"'" ^^"^"•^ Of ^ document but is now 

^ned) " "^^^ '^^^^ are used and so is 



11.7.1 Instruction Cache 



A caching mechamsm would offer the advantage of greater aggregate performance while still guaranteeing 
a mimmum level of performance. While greater perfonnance may not be requir^l at present for this appli- 
cation die cachmg mechamsm offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
JTV^J"*'*''* affecting, or only negligibly affecting, the operating perfonnance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 
As ail reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the foil 256-bit word is 
rtor«I locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as It would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required. Furthermore the area impact would be minor and there should be no performance 
penal^ for cache misses. As the dram_cpu_data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 
The instruction cache is only accessed for instrucHon fetches, not all CPU reads. These can be differenti- 
ated by signals emanating fix>m the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
intormed of a cache hit to ensure it does not generate an unneccessary read request. This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

disabled ''^ ^''^ deterministic code execution the instruction cache cannot be 



f 1. 7. 1. 1 ICache Implementation 



li^itT T "^"^ ^""^^^ of storing just a single 256-bit DRAM word. An impie- 

mentation IS depicted m Figure 22 below. The block VOs are given in Table 24 and these should be viewed 
in conjunction with Figure 19 and Figure 20 for a complete depiction of the connectivity of the block 
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Frgure 22. ICache Block Diagram 
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Table 24. ICache l/Os 







Global SoPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pdk, active tow. 


pdk 


1 


In 


Global dodc 


Toplevel ICache signals 


dram_cpu_data{255:0] 


256 


In 


Data bus from the OIU 


cpu.acode(1 :0] 


2 


Jn 


CPU access control signals 


cpu_adft21:2] 


20 


In 


CPU core address bus. 


ICache to DtU Bus Interface signals 


•c_cache_hft 


1 


Out 


Cache hit signal. This indicates that the current CPU read request 
is being serviced by the ICache and so should not be retrieved from 
the DRAM, 


diam^rdy 


1 


In 


Data Ready signal. Indicates the data on the dram cpu data bus Is 
valid. 


ICache to MMU Control Block signals 


ic.data(31:0] j 


32 1 Out 1 ICache data bus 
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Table 24. ICache VOs 











ic_rdy 


1 


Out 


Ready signal from the ICache indicating the data on icjdata is valid 


dram_access.en 


1 


Out 


ORAM access enat>le signal. Indicates that the current CPU access 
is a valid ORAM access. 



Description: 

The Tag stores the DRAM word address of tiie word currently in cache. The Tag contents are compared 
with cpu^adr[21:5] each time the CPU requests an instruction fetch frcan a valid DRAM address (indi- 
cated by cpu„acode[0] and dram_access_en). If a match occurs (i.e. a cache hit) the access is serviced by 
returning the correct 32 bits (as selected by cpu_adr[4:2]) to the MMU Control Block, If a match does not 
occur (i.e. a cache miss) the ic_cachejiit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dram_rdy and this causes the ICache contents to be updated, tiie Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the ic_rdy signal. It is updated each time the 
cache line is refilled from DRAM. All instruction fetches from DRAM are cacheable. regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



11.7.2 Data Cache 

1 1 .8 Realtime Debug Unit (RDU) 

The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservable signals and that do not affect the functionality of a circuit, are 
defined in each block as required. Many blocks do not have pseudo-registers and some blocks (e.g. ROM , 
PSS) do not make debug information available to the RDU as it would be of little value in realtime debug. 
Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (i.e. blockjcpujdatd). One small draw- 
back with reusing the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high block_cpujdebug_valid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required A block diagram of the RDU is 
shown in Figure 23. 
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debug_cn tri[18:0l 




Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU l/Os 











diu_cpu_data 


32 


In 


Read data bus from the DIU Wock 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


gp<o_cpu_data 


32 


In 


Read data bus from the GPIO block 


lcu_cpu_data 


32 


In 


Read data bus from the ICU block 


lss_cpu_data 


32 


In 


Read data bus from the LSS block 


pcu_cpu.debug_data 


32 


In 


Read data bus from the PCU block 
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Tabre25.RDUI/Os 



scb_cpu_data 


32 


in 


Read data bus from the SCB block 


tim_cpu_data 


32 


In 


Read data bus from the TIM block 


€tiu.cpu_debug_valid 


1 


In 


Signal Indicating the data on the diujcpu^data bus is valid det>ug 
data. 


Um_cpu_debuo_vand 


1 


In 


Signal indk;aljng the data on the tim_cpu_data bus is valid debug 
data. 


scb_cp u_de bug^vaJid 


1 


In 


Signal indicating the data on the scb_q}u^data bus is valid debug 
data. 


pcu_qnj.<tebug.valld 


1 


In 


Signal indicatihg the data on the pcu^cpu^data bus is valid debug 
data. 


Jss_cpu_debug.val{d 


1 


In 


Signal indicating the data on the iss_cpu^(fata bus is valid debug 
data. 


icu_opu.<tebug_valid 


1 


In 


Signal indicating the data on the icu^cpu_data bus is valid debug 
data. 


gpio_cpu_debug_valid 


1 


In 


Signal indicating the data on the gpto_cpu_data bus is valid debug 
data. 


cpr_cpu_debug.vafid 


1 


In 


Signal indicating the data on the cpr_cpu_data bus Is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI/GPlO/bther pins 


debug_data_vaJid 


1 


Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal is used in all debug configuratkins 


debug^cntrl 


19 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data shouM be selected by the pin mux 



As there are no spare pins that can be used to output the debug data to an external captiure device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the time of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pin. The RDU therefore outputs a debug jcntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.Thc 
DebugPinSel is used to determine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDLT supports the outputting of an 
n-bit sub-word every cycle to the enabled debug pins. Each debug test would then need to be re-r\in a num- 
ber of times with a different portion of the debug word being output on the n-bit sub-word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debug_data_valid and pclkjDut signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclk^oui signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge of pcik^out. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub- word will need 
to contain a different bit pattern for each run. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by. the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debugjdata^valid signal is always output. Furthermore 
debugjcntrl[0] (which is configured by DebugPinSel [0]) controls the mux for both the debug_data_valid 
and pclk_jout signals as both of these must be enabled for any debug operation. 

The mapping of debug_data_out[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 







0 


phLfrdk. The dBbuQjdatSLyaiid z\^n^\ will 
appear on this pin when enabled. Enabling this 
pin also automatically enables the phi.readi pin 
which will output the pcff^oiit signal 


1 


phi^profUo 


2 


phijsynd 


3 


testptnl 


4 


test pin2 


5-18 


gpio[0...13] 



Table 27. RDU Configuration Registers 







0x80 


DebugSrc 


4 


0x00 


Denotes which blod< is supplying the debug 
data. The encoding of this block is given below. 
0-MMU 
1 - TIM 

2- LSS 

3- GPIO 

4- SCB 

5- lCU 

6- CPR 

7- DIU 

a-pcu 


0x84 


DebugPinSel 


19 


0x0^0000 


Detemnines whether a pin Is used for debug data 
output. A provisional mapping of pin to bit posi- 
tion is given in Table 26. 
1 • Pin outputs debug data 
0 - Normal pin function 


0x88 to OxCC 


DebugDataSrcN 


5 


0x00 


Selects which bit of the 32-bit debug data word 
will be outputted on debug_data_out[N] 



1 1 .9 Interrupt Operation 

The interrupt controller unit (see chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level. LEON supports 1 5 levels of interrupt with level 1 5 as the highest 
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level (the SPARC architecture manual [32] states that level 1 5 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request airives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-intermpt state. The 4-bit inter- 
rupt level {irl) is also written to the trap type (rt) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TBA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller This interrupt controller will be replaced by the ICU in 
the SoPEC desigiL The LEON signal names are used for future reference. An inteiiupt is asserted by driv- 
ing its (encoded) level on the iuiArl[3:0J signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken interrupt on the iuoM[3:0} signals and asserting the acknowledge signal 
luoJntackTYiQ interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core. If diere is another pending interrupt (of lower priority) then this should be 
driven on iuUrl[3:Q] and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuoJr!f3:0J signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 



pclk 



iui.irf[3:0] 0x0 



0x5 



0x0 



iua.r.(3:0, ^^^^ZI^ 



iuo.intack 



iui.irl[3:0] 



0x9 



I 0x8 1 



iuo.lrl(3:0] 
iuo.intack 



OxA 



0x9 



Figure 24. Interrupt acknowledge cycles for a single and pending Interrupts 
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11 .10 Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

11-11 Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug*' document [15]. 
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12 Serial Communications Block (SCB) 

12,1 Overview 

The Serial Comniunications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USBl.l device 
controller, an Inter-SoPEC Interface (LSI) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 




usb_clk 

usb_cpr_reset_n 

cpu_adfln:21 
cpu_dataout[31 :0] 
scb_cpu_clata[31 :0] 

cpu_scb_sel 
cpu_rwn 
cpu_acode[2:0] 
scb_cpu_rdy 
scb_cpu_berr 
dma_lcujrq 
isLlcuJrq 
usbjcu^irq 

scb_diu_wadft21 :5] 
scb_diu_data[63:01 
scb_diu_wreq 
diu_scb_wack 
scb_diu_wvalid 



■> scb_cpu_debug_valid 



isi_cpr_reset_n 



prst_n 
pcfk 



Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USBl.l controllers, although some of these have been sourced from a third party. 

The SCB can be seen in the context of the overall SoPEC device in Figure 26 below 
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Figure 26. SoPEC toplevel block diagram 
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12.2 Definitions of I/Os 

Table 28. Serial Communications Block I/O 



m^mm 








Clocks and Resets 


prst_n 


1 


tn 


System reset sfgnaf. Active tow. 


pdk 


1 


In 


System dock. . 


usb.dk 


1 


In 


Qock tbr the USB controller block. 


isLcpr_re8et_n 


1 


Out 


Signal from the ISI indicating that ISl activity has been detected 
while in sleep mode and so the chip shoufd be reset Actjve low. 


usb_cpr_feset_n 


1 


Out 


Signal from the USB controller that a USB reset has occurred. 
Active low. 


CPU Interface 


cpu_adr(n2] 


n-1 


In 


CPU address bus. Exact wkith is currently TBD as it is dependent 
on the address maps of Imported IP * 


cpu_dataout(31:0] 


32 


In 


Shared write data bus from the CPU 


scb_cpu_data(31 K>J 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




In 


Common read/hot-write signal from the CPU 


cpu_fc[2:01 




In 


CPU Function Code signals. 


cpu_8cb_sel 




In 


Block select from the CPU. When epii.scCLse/is high both cpu_adr 
and cpu^o^raout are valid 


scb_cpti_.fdy 




Out 


Ready signal to the CPU. When scfiL^pu^/dyis high it indicates the 
last cycle of the access. For a write c/cle this means cpu^dataout 
has been registered by the SCB and for a read cyde this means the 
data on scb_cpu_data is valid. 


scb.cpu^berr 




Out 


Bus error signal to the CPU indteating an InvaKd access. 


acb_cpu_debuo.vaGd 




Out 


Signal indicating that the data currently on scb_cpu_data is valid 
debug data 


Interrupt signals 


dmajcu_irq 




Out 


DMA interrupt signal to the interrupt controDer block. 


isUcuJrq 




Out 


ISI interrupt signal to the interrupt controller block. 


usbjcujrq 




Out 


USB interrupt signal to the interrupt controller bk)ck. 


OIU interface 


$cb_dtu_wadrf21 :5] 


17 


Out 


Write address bus to the DIU 


scb_diu_dataI63 .-0] 


64 


Out 


Data bus to the DIU. 


scb_dlu_wreq 




Out 


Write request to the DIU 


diu_scb_wack 




In 


Acknowledge from the DIU that the write request was accepted. 


scb_dhj_wvalid 




Out 


Signal from the SCB to the OtU indicating that the data cunrendy on 
the scb_diu_data[63:0] bus is valid 


GPIO Interface 


isl_gpk>.doutf1:0] 


2 


Out 


iSI output data to GPIO pins 


tsi_gpro_e[1 :0) 


2 


Out 


ISI output enable to GPIO pins 


flpk)JsLdin(1:0J 


2 


tn 


Input data from GPIO pins to ISI 
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I 12.3 MULTI-SOPEC SYSTEMS 

While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also siq>port its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster. a LineSyncMaster, an ISIMaster, a StorageSoPEC or an ISISlave SoPEC 





prtnthead assembly 



Figure 27. A3 duplex systenn featuring four printing SoPECs with a singTe 

SoPEC DRAIUI device 



12.3.1 iSliVlaster device 

The ISIMaster is the only device allowed to drive the common ISI line (see Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems die ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

12.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 LIneSyncMaster device 

The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LmeSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 



12.3.4 Storage device 

For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - that is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an ISl-Bridge chip) and then distribute it to the other SoPECs as 
required No other type of data flow (e.g. ISISlave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the [SI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 



1 2.3.5 ISISlave device 

Multi-SoPEC systems will contain one or more ISISlave SoPECs. An ISISlave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 



12.3.6 ISI-Bndge device 

SoPEC is targeted at the low-cost small office / home office (SoHo) market. It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE 1394) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 

12.3.7 Host device 

The host device will invariably be, but is not required to be, a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 



12.4 Types of communication 



12.4.1 Communications with host 



The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is a 
SoPEC, the communications channel is USB 1.1. 



12.4. 1. 1 Host to is/Master communication 

The host will need to communicate the following information to the ISIMaster device: 

• Communications channel configuration and maintenance information 

• All data destined for PrintMaster, ISISlave or storage SoPEC devices. This data is simply relayed by 
the ISIMaster 

• Mapping of virtual communications channels, such as USB endpoints, to ISI destination 
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12.4.1.2 iSiMaster to host communication 

The ISiMaster will need to communicate the following information to the host: 

• Communications channel configxiration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. 
This data is simply relayed by the ISiMaster 

12.4. 1.3 Host to Printl\/laster communication 

The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatabie messages to upgrade the printer^s capabilities 

12.4.1.4 Printi^aster to host communication 

The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty^ammed etc.) 

• Dead nozzle information 

• Memory buffer status information 

• Power management status 

• Encrypted SoPEC Jd for use in the generation of PRINTER_Q A keys during factoiy programming 

12.4.1.5 Host to iSiSiave communication 

All communication between the host and ISISlave SoPEC devices must take place via the ISiMaster. In 
the case of a SoPEC ISiMaster it is possible to configure each individual USB end^int to act as a control 
channel to an ISISlave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to commimicate the following information to ISISlave devices over the comms/ 
ISI: 

• Program code for ISISlave SoPEC devices 

• Compressed page data for ISISlave SoPEC devices 

• Control messages to the ISISlave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatabie messages to upgrade the printer's capabilities 

12.4.1.6 iSiSiave to host communication 

All communication between the ISISlave SoPEC devices and the host must take place via the ISiMaster. 
The ISISlave will need to communicate the following information to the host over the comms/ISI: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle infomiation from the ISISlave SoPEC. 

• Encrypted SoPEC Jd for use in the generation of PRINTER_Q A keys during factory programming 
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12.4.2 Communication over ISI 

iZ4. 2* i iSlMaster to PrintMaster communication 

The ISrMaster and PnntMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12Al,3). This data is simply relayed 
by the ISlMaster 



1Z4.2.2 PnntMaster to iSlMaster communication 

The ISlMaster and PrintMaster will often be the same physical device. When they arc different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the MntMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISlMaster 



12.4.2.3 tSIMaster to iSiSiave communication 

The ISlMaster may wish to communicate the following information to the ISISlaves: 

• All data (including program code such as ISIId enumeration) originating from the host and destined for 
the ISISlave (see section 12.4.1.5). This data is simply relayed by the ISlMaster 

• wake up from sleep mode 

f 2.4.2.4 iSiSlaye to ISlMaster communication 

The ISISlave may wish to communicate the following information to the ISlMaster 

• All data originating from the ISISlave and destined for the host (sec section 12.4. 1.6). This data is sim- 
ply relayed by the ISlMaster 



12.4.2.5 PrintMaster to ISISlave communication 

When the PrintMaster is not the ISlMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISlMaster then it will of course communicate directiy with 
the ISISlaves. The PrintMaster SoPEC may wish to conmiunicate the following information to the ISISla- 
ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printhcads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 
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12.4.2,6 iSfSiave to PrintMaster communication 

ISISlaves may need to communicate the following iuforaiation to the PrintMaster: 

• ink status e.g. dotCount data i.c. the number of dots in each color fired by the printheads connected to 
the ISISlaves 

• band related information e.g. finished band interrupts 

• page related information i.cbuffer undemm, page finished interrupts 

• MMU security violation interrupts 

• GPfO intemipts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle infonnation from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

As the ISI is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed. The software protocol needs to be constructed with this in mind. In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to mdicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the ISISlave 
This should be under the control of software ninning on the CPU which writes messages to the ISI block. 

12.4,2.7 iSiSiave to iSiSiave communication 

It is currently not anticipated that there will be any direct communication between ISISlave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (see sections 12.4.2,5 and 12.4.2 6 for a 
description of the information exchanged between a PrintMaster and an ISISlave). ISISlave to ISISlave 
commumcation would also be required when sending data stored in a storage SoPEC device to an 
ISISlave. 



12.5 USB 



The USB 1 . 1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalhng and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC Itself will not draw any power from the USB cable. It wUl support control and bulk transfers 
Interrupt transfers are not considered necessary because the required intenupt-type functionality can be 
achieved by sending query messages over the control channel on a scheduled basis. There is no require- 
tnent to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB endpomts: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
cndpomts can be used for the transfer of any type of data: compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e configura- 
tion IS completely programmable. They are envisaged as always being used as USB IN endpoints i e they 
will transport data firom the host to SoPEC. Any feedback data (e.g. status infonnation) wiU be returned to 
the host on the control channel (endpoint 0). 

TTie USB device enumeration process will be handled by the SoPEC CPU and USB controller Note that 
Ms requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
fuU USB driver but rather a "USB-lite" driver thai has sufficient functionality to download a program to 
DRAM. 

Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USBl. 1 con- 
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trollcr that are being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in select- 
ing the USB controller. 

12.5.1 ISIMaster/ISISlave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISlMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a full-speed or low-speed device). We adopt the convention that an ISlMaster SoPEC has its 
USB pins configured for full-speed operation (i.e. a pull-up resistor on D+) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISlMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPEC's USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the D+ and D- lines may result in unreliable operation of the USB controller. 
The SoPECs identity as an ISlMaster or ISISlave may also be determined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISlMaster (note that it is not neccessarily an 
ISlMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISlMaster m this situation. If the ISI receives ping packets then it is an ISISlave as only the ISlMaster can 
send ping packets. 

The most suitable ISIMaster/ISISlave identification scheme (i.e. use of USB pins or looking for USBASI 
activity) can be chosen by the software for any given printer. 



12.5^ Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TBD (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
It) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equiN^ent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 
The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_reset_n) if the USBWakeupEnable bit of the WakeupEnable register (see Table 38) has been set. 
The USBWakeupEnable bit should therefore be set just prior to entering sleep mode. 

There are no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resume to tiie host after being suspended by the host). 



12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
prmter it is recommended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuration it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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ISI (Inter SoPEC Interface) 

The ISI is utilised in all system coafigurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI performs much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection perfomis between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. commands or status information) passing between the ISIMaster and 
the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 
communication with the ISISlaves. 

12.6.1 ISIMaster/lSISIave identification and ISISlave enumeration 

Section 12,5.1 details how a SoPEC is conHgured as an ISIMaster or ISISlave. The ISlId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a niunber of 
GPIO pins to determine the I Slid For any given printer that uses a multi-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enimieration 
mechanism. 

12.6.2 Wake-up from sleep mode 

Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself The ISISlave device should then ensure that its ISIWakeupEnable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpio_isi_din 
I lines for activity. When ISI activity is detected during sleep mode and the ISIWakeupEnable bit is set the 

ISI asserts the isi__cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset See chapter 16 for more details of reset propagation. 

12.6.3 ISI speed 

The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USBl.l bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE1394) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at apc/Jt frequency of 160MH2). The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
pins will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s, The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With cither a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, af^er allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s, 



12.6 



I 
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12.6.4 ISI protocol 

The ISI is a serial interface utilizing a two wire half-diq>lex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISISlavcs may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISlave communication, ISISlave to ISIMaster communication and 
ISISlave to ISISlave communication. Flow control, error detection and retransmission of errored packets is 
also supported ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization cannot be guaranteed for the length of the longest allowed packet^ Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec of xtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 
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Figure 28. ISI configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used. Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISlave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISlave may only transmit when it receives a ping packet 
(see section 12.6.4.5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISlave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1 . Current max packet size 290 bits = 1 45 bits per line (on a 2 wire ISI) = 725 1 60MHz cycles. Thus the pciks in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1379 ppm. Careful analysis of the crystal, PLL and oscillator specs 
and the sync detection circuit is needed here to ensure our solution is robust 
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Figure 29. Half-duplex fnterleaved transmission from ISIIMaster to ISISIave 

There are three types of ISI packet: a long packet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started. 



f 2.6.4. 1 iSi transactions 



The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs are 
inferred and ACKs arc not addressed to any particular ISI device. 
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ISISIave B 
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Transaction 1: Long packet to an addressed ISISIave 
ISISIave A 



ISISIave B 



Transaction 2: Ping packet to an addressed ISISIave. ISISIave has nothing to send 
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ISiMaster 



ISISIave A 



ISISIave B 



Transaction 3: Ping packet to an addressed ISISIave. ISIStaveA responds with a lone packet to 
ISISlaveB and ISiSlaveB responds with an ACK or NAK. 



ISiMaster ISISIave A ISISlaveB 





S^OQ^ 











Transaction 4: Ping packet to an addressed ISISIave. ISISlaveA responds with a long packet to 
the ISiMaster and the ISiMaster responds with an ACK or NAK- 

Figure 30. ISI transactions 

1 2. 6.4. 2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguoutsly identified and to 
allow the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet. Bit smiling is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error f5ree) packet. The Start symbol should therefore be suffi- 
ciently long to ensure that the bit stuffing overhead is low but should still be short enough to reduce its own 
contribution to the packet oveihead. A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, like every byte in a packet, is transmitted with its 
rightmost Qsb) bit first 

If the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISI 
lines which will allow synchronization be maintained. Unfortunately a symbol value that is good for forc- 
ing transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being lost if a long 
run of zeroes or ones is subsequently transmitted. 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (i.e. blOlOlOlO -> blOOlOlOlO). To ensure transitions occur during a long run of zeroes a 1 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bO 1 0000000). Likewise to ensure 
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Sl^n m^t' M AM ,17??? "^^"^ " ® ^ ^ becomes Oxl7F (i.e. 

bl 1 11 11 1 1 -> biOl 1 1 1 1 11). The receivmg ISI device must detect these special values and strip out the 
inserted ones and zeroes. *^ 

Note that any violation of bit stuffing will result in the FrameEm,r status bit being set and the incoming 
packet vaU be treated as an errored packet. Furthennore if the Start field is not received as OxAA tte 
l-rameError status bit is set and incoming data is discarded until a coirect Start field is detected. 
In a truly random data such a bit stuffing scheme could cause an overhead of approx 0 15% While the 

^ "^^'^^ "^l T ^ ^^'^^^ '^'^ ^^^^ ^ '"«'y often than 

they wojdd m a random data set) the overhead should remain low and will never exceed 1 1 1% fi e 1 in 
every 9 bits). vi-c. i m 

12.6.4.3 Stop field description 

ti^tf^^'^t.^^^'^ " ^ '""^ '° before the next packet is 

transmitted. Two bits are required because the Stop field wiU be interleaved over both ISI lines (4 bits 

ill'llf^fi^,!^ " -IZ* ^« -^'"^ ^""^ ^ ^^j^* bit smflBng because bit stuffing could result 
in the final transnutted bit being a 0 on one of the ISI lines. 

12.6.4.4 ISI long packet description 

The fonnat of a long ISI packet is shown in Figure 31 below. Data may only be transferred between ISI 
devices using a long packet as both the short and ping packets have no payload field. Except in the case of 
^^r^rff- '^'T^ ISlA^z^ will always reply to a long packet with either L expUcit ACIC 
(no enor detected in received packet) or an inferred NAK (an error was detected in the received packet) 



b4 4 bits 1 bit 




1 Start 
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j Address 


Payload 


CRC 


Stop 



8 bits 3 bits 5 bits 



^6 bits 16 bits 2 bits 

Figure 31. ISI long packet 

All long packets begin with the Start field as described earlier. The PktDesc field is described in Table 29. 
Table 29. PktDesc field description 
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Packet type indicator: 








1 - Short packet 








0 - Non-short (i.e. tong/pmg) packet 
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Table 29. PktOesc field descripUon 



Data payload present indicator 
1 - This packet contains payload (I.e. lonQ packet) 
0 - This packet has no payload 



Sequence bit value. Only valid Ibr kmg packets. See sectksn 12.6.4.8 tor a 
description of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMaster may initiate an ISI trans- 
action using a long packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMaster (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
mto the receive buffer of the addressed ISI devicc(s).When present the payload field is always 256 bits. 
To ensure sfrong error detection a 16-bit CRC is appended. This CRC is calculated over the entire packet 
(excluding the Start and Stop fields). The HDLC standard CRC-16 (i.e. GCx) « ;c"^ + +/) is to be 
used for this calculation, which is to be perfonned serially. 

12.6.4.5 ISI ping packet 

The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the pmg packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubId is always 1 The 
ISISubId is unused in pmg packets because the ISIMaster is addressing the ISI device rather than one of 
^ ''^'^^^^ ISISlave may address any ISIIAISISubld in response if it wishes 

■r i vf7t • '^P^'^ *° * P"8 P^^^^ with either an explicit ACK (if it has nothing to send), an 
mieired NAK (if it detected an error in the ping packet) or a long packet (containing the data it wishes to 
send). Note that inferred NAKs do not result in the retransmission of a ping packet This is because the 
ping packet wiU be retransmitted on a predetermined schedule (see 12.6.4.10 for more details) 



^ b4 Ibit 
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8 bits 3 bits 5 bits 16 bits 2 bits 

Figure 32. JSI ping packet 



An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
M^te^ ^^^^^^ "^^^ "^^^^ ^ response to any packet and may only originate from an ISI- 
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12.6.4.6 ISl short packet description 

T^^l^^A^T "^"^J^l " """^ ^'^ the 5rar/ and fields. A value of blOOl is proposed 

for Ihc ACK symbol. As a 1 6-bit CRC is inappropriate for such a short packet it is not used. In fact there is 
only one valid value for a 14-brt short ACK packet as the Start. ACK and Stop symbols aU have fixed val- 
ues^ Short packets a« only used for acknowledgements (i.e explicit ACKs). TTie format of a short ISI 
packet 15 shown m Figure 33 below. 



Start 


Ack 
Symbol 


Stop 




8 bits 


4 bits 


2 bits 



Figure 33. Short ISI packet 

12.6.4.7 Error detection and retransmission 

The 16-bit CRC will provide a high degree of enor detection and the probabUity of transmission errors 
owumng is vciy low as the transmission chamiel (i.e. PCB traces) will have a low inherent bit error rate. 
tT^ rm "^o^ld therefore be minute. A simple retransmission mechanism frees 

toe CPU from gcttmg mvolved m error recovery for most errors because the probability of a transmission 
error occumng more than once tn succession is very, very low in normal circumstances. 
After each non-short ISI packet is transmitted the transmitting device will open a reply window. TTie size 
of the reply wmdow wall be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to aUow fZ 
bus turnarounds and tuning differences) when a short packet is expected and 147 bit times (i.e. 290 bits 

ssrex^e'c^iir^^ir '° 

When a packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before die reply window closes. When detected 
^< f,^ ^ receiving ISI device will not send any response. The transmitting ISI device interprets 
this lack of response as a NAK mdicating toat errors were detected in the transmitted packet or that the 

^''cZf n rcTr"" "^^1^!° '"f P^'^** '°'^8 packet was transmitted the 

fransmittmg ISI device will keep die transmitted packet in its transmit buffer for retransmission If the 
SZSiSci"" *«,piMaster it will retransmit the packet immediately while if die transmitting 
device IS an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMas- 

^iv^Ij^ ISI device wiU continue retransmitting the packet when it receives a NAK until it either 
l^Z ■ ^ " number of retransmission attempts equals the value of die NumRetries register If 
tte transmission was unsuccessful then die transmitting device sets the TxError bit in its /575wft« register 
The r«:e,ving device also sets tiie RxErwr bit in its ISIStatus register whenever it detects NwnRetrits + 1 
errored packets m succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 

f kUET^'^V""^*"*- "'■^ « P^-k^t in error from 

an ISISlave the NumRetnes count will be reset if it subsequently receives an error free packet from any ISI 
device (which may not be the ISISlave that trammitted die errored packet). Thus the J^Error operation is 

betef '^'^'^'T' 'l"^' ^^"^^^^"^ ^ '^^^ ^ retransnJsS" S 

be sequenhal^Either we live with this or we could implement a NumRetriesCount window which would 
a^low all NAKs withm a specified window to be counted. If NumRetries is exceeded within this window 
men we nave a /Cxfrror odierwisc we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transmitting or receiving respectively. 
CPU intervention wUI be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errors should be extremely rare and their occurrence will most 
liJcely indicate a serious problem. 

Note that broadcast packets axe never acknowledged to avoid contention on the common ISI lines If an 
ISISlave detects an error in a broadcast packet it must use the message passing mechanism describ^ ear- 
her to alert ifae ISIMaster to the error. 



f 2.6,4.8 Sequence bit operation 

To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or pmg packets as they are not used for data transmission. In addition to the transmit- 
ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubf d. Furthermore each ISI 
device maintains a transmit sequence bit for each ISIId and ISISubId it is in communication with For 
packets sourced from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
^2^^ tnasrat sequence bit is contained in the 

CPUISlTxBuffCntrl register. The sequence bits for received packets are stored in DMAOSeqBit and 
DMAlSeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the lesponsi- 
hihty of software to ensure that the sequence bits of the transmitting and receiving ISI devices are cor- 
rectly mitialised each time a new source is selected for any ISnd.ISISubId channel. 
Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubId channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubId channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubId only when the receiver is 
able to accept data and receives an error-free data packet addressed to it The transmitting ISI device will 
toggle Its sequence bit for that ISIIAISISubld channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transihission of two long packets with the sequence bit in both the transmitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in this 
manner in eveiy subsequent transmission until an error condition is encountered. 
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Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
mitting device to retransmit the original {seq=0) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 

Receiving 
ISI Device 



Transmitting 
ISI Device 




0 




0 




0-> 1 


^ 



0->1 

1 



Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this sce- 
nario is shown in Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the tiansmitring device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq=0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK, 
When the transmitting ISI device correctly receives the ACK it updates its local sequence bit to a 1, thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubId is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 
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Figure 36. Sequence bit operation with ACK error 
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1Z6.4.9 Flow control 



The rsi also suppo,^ flow control by treating it in exactly the same maimer as an enor in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow contio should not be required during nonnal operation. Any blockage on a DMA channel will 
soon residt in the NumRetrtes value being exceeded and transmission to that DMA channel being halted 
Because flow control is treated in the same manner as an eiror in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxErmr or RxErrvr. 

1 2.6.4.1 OAuto-pIng operation 

- ^^^^"^ ^ Pi^g P^ket by writing the appropriate header to the 

CPUISITxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself The use 
of automatically generated ping packets ensures that ISISIaves will be given access to the ISI bus with a 
programmable mmunum guaranteed frequency in addition to whenever it is idle. Five registers fecilitate 
^^?'^r^-'T"r,!!°° °^ messages within the ISI: PingScheduleO. PingSchedulel. PingSchedutel. 
ISn-otalPeriod and ISILocalPeriod. Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the TSICntrl register. 

Each bit of the 1 4-bit PingScheduleN register corresponds to an ISIId that is used in the Address field of 
the pmg packet and a 1 m the bit position indicates that a ping packet is to be generated for that ISnd. A 0 
m any bit position wiU ensure that no ping packet is generated for that ISIId. As ISISIaves may differ in 
their bandwidA requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 

Icfi? ''1^'°'^ ^ ^^^^^ "P *° ti-ncs the number of pings as another actiw 

ISISIave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
^ "^l ISIMaster) ISI ping packets will be transmitted according to the pattern given by the three 

PingScheduleN T^g^^T^. The ISI will start with the Isb of PingScheduleO register and work its way from 
Isb through msb of each of the PingScheduleN Kgiststs. When the msb of PingSchedule2 is reached the 
sI^Sk^^i and continues to cycle through each bit position of each Ping- 

S3^?^S»*!^mf °f "'^ P"**"**^ of packets in an ISIMaster 

; fo, , auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 

outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originatinK 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets gel 
pnonty whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
b,t counters whose reload value is contained in the ISITotalPertod and ISILocalPeriod registers. As we will 

packet. The ISHbUilPenod counter « decremented for every ISI transaction when contention occurs (i.e 
both a ping and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted. Neither counter is decremented by a retransmitted packet. 

3? oTt^^V^^"^/ 'I' ^^f^'l^ '^T^ '° P'°8 P"^^^ determined by the val- 

ues of the ISITotalPenod and ISIUcalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter .s non-zero. Ping packets will be given priority when the ISILocalPeriod 
coimter is zero and the ISITotalPenod counter is still non-zero. Both the ISITotalPertod and ISILocalPe- 
rwrf counters are reloaded by the next local packet transmit request after the ISITotalPenod counter has 
reached zero. This reload policy minimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter 
U)cal packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet tmismitted decrements both counters. The difference between the values of the ISITotalPertod and 
ISILocalPeriod registers determines the number of automatically generated ping packets that are guaran- 
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teed to be transmitted every ISITotcdPeriod number of ISI transactions. If the ISITotalPeriod and ISILo- 
calPeriod values are the same then the local packets wiU always get priority and could totally exclude ninii 
packets if the CPU always has packets to send. ^ 

For example if ISITotalPeriod = OxC; ISILocalPeriod = 0x8; PingScheduleO = 0x07; PingSchedulel = 
0x06 and PingSchedule2 = 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIId3 will receive 3 times the number of ping packets as ISIdl and ISIIda wiU receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three Pii^ScheduleN n^siets) when local packets are always pending 24 local packets 
will be s«it. ISIdl will receive 2 ping packets. ISId2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency will automaticaUy adjust upwards to con- 
sume all idle ISI bandwidth. 



12.6.4.11 USI Registers 



Table 30 below details the ISI configuration registers. Note that some of these registers are also used bv 
other blocks in the SCB. 



Table 30. ISI configuration registers 













0x00 


JSrCntrl 


5 


0x2 


IS! Control register 


0x04 


ISIld 


4 


0x1 


ISIld for this SoPEC. A value of 0 indicates the 
device Is an (SIMaster Note that the SoPEC resets 
to being an ISISlave and that OxF (the broadcast 
JSIId) is an iiregai value and should not be written to 
this register. 


0x08 


NumRetrfes 


4 


0x02 


Number of retransmissions to attempt in response to 
a NAK before aborting a long packet transmission 


OxOC 


IStPingScheduteO 


14 


0x0000 


Denotes which tSllds will be receive ping packets. 
Note that bItO refers to ISIIdl, Wtl to lSlld2..i)tt13 to 
ISIId14. 


0x10 


ISlPingSche<lule1 


14 


0x0000 


As per PmgScheduteO 


0x14 


IS!PinQSchedule2 


14 


0x0000 


As per PingSchedufeO 


0x18 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalf^riod counter 


Ox1C 


ISILocalPeriod 


4 


OxF 


Reload value of the rSilxcalPeriod counter 


0x20 


fSIStatus 


6 


0x00 


ISI Status register* This register is Readonly. 


0x24 


ISlMask 


6 


0x00 


iSI Interrupt Mask register 


0x30 - 0x4C 


CPUjSiTxBuff 


32 


n/a 


32-byte CPUISt transmit buffer 


0x50 


CPUJSITxBuffCntrt 


13 


0x0000 


Control register Ibr the CPUISI transmit buffer 


0x60 - 0x7C 


CPUISIRxBuff 


32 


n/a 


32-byte ISI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 


ISIRxBtiffOest 


1 


0x0 


Onfy one of the CPU and the DMA manager is 
atfowed to empty the receive buffer at any time. 
1 = CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12,6.4-1 1 .1 ISI control register 



I!!pJ?^^''^l'^^'''^^i'' ^^^^"^^^ Tabic 31 below. Note that the reset value of this register allows the 
SoPECto automaticaUy become an ISIMastcr iAutoMasterBnable - 1) if any USB packets are ixjceived on 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 120 



SoPEC : Hardware Design 



endpoints 2-4 On becoming an ISIMaster the ISIld register is set to 0. the TxBnable bit of the ISICntrl reg- 
ister >s set and any USB or CPU packets destined for other ISI devices are transmitted. The CPU can over- 
Wn^lT ^ "^no.f ^ ^'"^^ ^^'^M^'^^Enable bit Automatic ping operation can only 

be enabled by the CPU as the reset values of the PingScheduleN rasters are all 0 and neither DMA cham 
nel IS automatically configured. 



Table 31. ISICntrl register 









TxEnable 


0 


EnabJes ISJ transmission of long or ping packets. This is cleared by 
transmit enors and so needs to be restarted by the CPU. Note thai 
ACKs may SDIJ be transmitted when this bit is 0. 
1 = Transmfssion enabled 
0 = Transmission disabled 


RxEnable 


1 


Enables ISI reception. This is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 e Reception enaWed 
0 = Reception disabled 


AutoPingEnaWe 


2 


Enables auto-ping operation 
1 = auto-ping enabled 
0 = auto-ping disabled 


AutoMasterEnabte 


3 


Enabfes the device to automatically become the ISIMaster if activ- 
ity is detected on USB endpoints2-4. 
1 =autQ-<naster operation enabled 
0 = auto-master operation disabled 



12.6.4.11.2 ISI status register 

The fSfStajus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
Buff! Enable or RxEnable bits of the ISICntrl register or the CPUISITx- 



Table 32. ISIStatus register 









FrameError 


0 


Raming enor detected in the received packet. This can be caused 
by an incorrect Starr or Stop field or by bit stuffing errors 


RxEnor 


1 


A CRC en-or or flow conUol condition was detected in NumRe- 
frfes+l successive packets (excluding ping packets) 


RxBuffFuIi 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overflow has occurred In the ISI receive buffer and a packet had 
to be dropped. 


CPUISITxBuffEmply 


4 


The CPUISlTxBuff Is empty 


TxEnror 


5 


Transmission error. Receiving ISI devtee would not accept the 
transmitted packet Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets). | 
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SI 



12.6.4.11,3 



rsi mask register 

An interrupt wiU be generated in an edge sensitive manner i.e the ISI will generate an isijcu irq pulse 
each time a status bit goes high and the corresponding bit of the ISlMask register is enabled. 

Tabre 33. ISlMask register 



FrameErrorfnt&i 


0 


Interrupt enable mask bit for the FrameError status bit 


AxEnorlntEn 


1 


Interrupt enable mask bit for the RxError status bit 


RxBuffFuIIIntEn 


2 


Interrupt enable mask bit for the RxBuffFull status bit 


RxBuffOverflowlntEn 


3 


Interrupt enable mask bH for the RxBuffOverflow status bit 


CPUISITxBuffEmpty- 
IntEn 


4 


Interrupt enable mask bit for the CPUISITxBuffEmpty status bit 


TxErmrtntEn 


5 


Interrupt enable mask bit for the TxError status bit 



12,6.4.11.4 CPUISlTxBuffCntrl register 

The CPUISlTxBuffCntrl register contains tlie header field for the packet in the CPUISI transmit buffer 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet m the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (see section 1 2.7). Note that the CPU is responsible for toggling the sequence 
bi t of any long packets it wishes to transmit. The CPUISITxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer. 



Table 34. CPUISlTxBuffCntrl register 













PktDesc field (as per TaWe 29) tor the packet cun^entJy in the CPU- 
ISI transmit buffer. 


DestlSISubld 


3 


indicates which DMAChannel of the target SoPEC the data in the 
CPUISI transmit buffer is destined for: 

0 = OMAChannelO 

1 DMAChannell 


OestlSild 


7:4 


Denotes the ISIId of the target SoPEC as per Table 35 



12.7 SCB Mapping 



In order to support maximum flexibility when moving data through a muIti-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logical view of the 
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SCB is shown in Figure 37, This view difiFcrs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 



CPUISI 
TxBuffer 



USB 
Host 



USB 

ControfJer 



SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 
TxBuffer 



SCB 
Map 



DMA 
Manager 



nnelQ 



Ch4nnfll\ 



Rx 



ISI 



CPU 



DIU 



isLdIn 
isLdout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISIId and an ISISubld. Each 
SoPEC in the system has a unique ISIId and two ISISublds, namely ISISubldO and ISISubldl. We use the 
convention that ISISubldO corresponds to DMAChannelO in each SoPEC and ISISubldl corresponds to 
DMAChannell. The naming convention for the ISOd is shown in Table 35 below and this would corre- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
CId to avoid confusion with the unique ChipID used to create the SoPECJd and SoPECJd^key (see 
chapter 17 and [9] for more details). 





ti 






0 


ISIMaster (typically a SoPEC connected to the host via US81.1) 


1 -14 


ISrSlave1-14 


15 


Broadcast ISIId 



The combined ISIId and ISISubld therefore allow us to address any DMAChannel in the system. The ISI, 
DMA manager and SCB map hardware use the ISIId and ISISubld to handle the different data streams that 
are active in a multi^SoPEC system as does the software running on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISlx.y where x is the ISIId and y is the ISISubld. Thus ISI2.1 
refers to DMAChaimell of ISISIaveZ. Any data sent to a broadcast channel, i.e. ISIIS.O or ISI15.1, are 
received by every ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 

The USB controller and sofhvare stacks however have no understanding of the ISIId and ISISubld but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubld. USB 
is simply used as a data transport - the mapping of USB endpoints onto ISIId and Subid is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
running on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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The use of just two DMAChannels places some limitations on what can be achieved without software 
intetvemion. For cvciy SoPEC in the system there are more potential sources of data than there are sinks 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to confrol and data from the host, either specifically addressed to that particular ISISlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.c. the two DMAChan- 
nels. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data information from the host (e.g. over USB) In this case all 
of the control messages are in contention for access to DMAChannelO, We resolve these potential conflicts 
by adoptmg the following conventions: 

""^^^e** interleaved in a memory buffer: The memory buffer that the 

DMAChannelO pomts to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMAChannel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 1 5.0 broadcast channel. 

2) Data messages should not be Interleaved in a memory buffer; As data messages are typically 
partof a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthemiore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel, 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 
active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or 1 i.e. the ISI is the only 
source of mcoming data in an ISISlave, The ISIMastcr's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software running on the ISIMaster) it should not do so without informing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 12.7.2. 

12.7,1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device in 
pamcular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 
an ISI-Bndge chip. ISI-Bridge chips are likely to have something similar to an SCB m^ and the following 
mfomiation should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 
As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint, EPO. At boot time the ISIMaster SoPEC will also require a buJk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration 
I.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is showii 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO. 

AJi packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU. This asymmetry is because in a multi-SoPEC environment the CPU will 
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J3 



need to examine all incoming control messages (i.e. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISlave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
fflcnall. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 124 1 1 
through 12.4.1.4 
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Figure 38. Single SoPEC SCB map configuration and dataflow 
12.7.2 Broadcast communication 

^ SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISISublDO and ISISubldl of ISIIdlS (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EPl is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
^fl^*^*"'*u°'i.f loader software, EPl may or may not be used during the initial program download, 
but EPl IS highly hkely to be used for compressed page or other program downloads later. For Oiis reason 
It IS part of the default configuration. In this setup the USB device configuration will take place as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloadcrl program code to all SoPECs by 
broadcasting it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
pam. The ISIMaster SoPEC then polls each ISISlave (over the ISIx.O channel). Each ISISlave ascertains 
Its ISIId by sampling the particular GPIO pins required by the bootloaderl and repotting its presence and 
status back to the ISIMaster. The ISIMaster then passes this infonnation back to the host over EPO Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs, and their ISHds, in the system 
The host may then reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
SoPEC system. This could involve simplifying the default configuration to a single SoPEC system (Figure 
38) or rcmappmg the broadcast channels onto DMAChannels in individual ISISlaves 
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Figure 39, Default SoPEC SCB map configuration and dataflow 

The following steps are required to reconfiguie the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISI 1 .0: b w c 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EPS be 
remapped to ISIl.O 

2 )The ISIMaster SoPEC sends a control message to the host PC informing it that EPS has now been 

mapped to ISIl.O (and therefore the host knows that the previous mapping of ISII5 I is no loncer 
available through EPS). * 

3 ) The host may now send control messages directly to ISISlavel without requiring any CPU interven- 

tion on the ISIMaster SoPEC 

12.7.3 Host PC - ISISiave SoPEC communication 

The defeult post-boot (as opposed to post-reset) SCB map configuration for an ISISiave SoPEC is to have 
all USB endpomts unconnected. The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (eg when 
Ae ISIMaster is a SoPEQ and that SoPEC^s SCB map is configured correctly) then data sent from the host 
dcstmed for an ISISiave wiU be transmitted on the ISI with the correct address. If the ISISiave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
mtended recipient. It is then the ISlMaster's responsibility to forward this message to the host. 
With this configuration the host can conununicate with the ISIsiave via broadcast messages only and this 
is the mechanism by which the bootloaderl program is downloaded. The ISISiave is unable to communi- 
cate with the host (or the ISIMaster) until the bootiloaderl program has successfully executed and the 
ISISiave has deteraiined what its ISIId is. After the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured to reflect the most appropriate topology 
for the particular multi-SoPEC system it is part of. 

>U1 communication from an ISISlave to host is achieved by sending messages via the ISIMaster. The 
ISISIave can never imtiate communication to the host. If an ISISlave wishes to send a message to the host 
It may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent m response to the reception of an ISI packet specifically addressed to that ISISlave) 
that It has a message to send. When the ISIMaster receives the message from the ISISUve it first examines 
It to determine the mtended destination and will then copy it into the EPO HFO for transmission to the 
host. The software running on the ISIMaster is responsible for any aifoitniHon between messages from dif- 
ferent sources (mciudmg itself) that are all destined for the host. 

TJe above mechanisms are appropriate for the types of communication outlined in sections 12.4.1.5 and 



12.7.4 ISIMaster 



ISISIave communication 

AU ISIMaster - ISISIave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloadcrl program has successfully executed on all SoPECs 
m a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 

^ *° ^ ^ "^O"^ »° Pi°g Packet from the 

ISWlaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains infoimation required to be sem to the host. In the case of the ISIMaster 
the ho« software wUI transfer the appropriate information into the EPO FIFO for transmission to 

The above mechanisms are appropriate for the types of communication outlmed in sections 1 2 4 2 3 and 
12.4.2.4. 



1 2.7.5 ISISIave - ISISIave communi'caUon 

ISISlave to ISISIave communication is expected to be limited to two special cases; (a) when the PrintMas- 
ter IS not the ISUVIaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
th^n It will need to send control messages (and receive responses to these messages) to other ISISlaves 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISIave to 
ISISIave commumcation will take place in response to ping messages from the ISIMaster. 

12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink. This is performed on a endpoint 
oasis i.e each endpomt has a configuration register to allow its data sink be selected. Mapping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writine to 
the q)propnate configuration registers in the USB controller/ ISI / DMA manager 



Table 36. SCB Map confTguration regfsters 
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Table 36. SCB Map configuration registers 







mm 


M 






USBEP3Dest 


7 


0x3F 1 


Data sink for USB EP3 


0x110 


USBEP4Dest 


7 


0x23 1 


Data sink for USB EP4 



^bl^MTr^Z^ °x USBEPnDest configuiation registers and is described in 

S?! ^!■ 'T'^'^' ^^"^ ^0 <>ata that should be routed to the 

5 .r^^wf^r" ^* " *° not need special fields to 

rl^flPP/Sr ^ " ^« °''by *^ SCB hardware. Thus the 

USBEPODest and USBEPWest registers should be programmed with 0x20 and 0x21 (for ISIO.O and 
15»10. U re^ctively to eiisure data arriving on these enc^ints is moved directly to DRAM. 

Table 37. USBEPnOest register 









1!^ 


DestlSfSubId 


0 


Indk^ates which DMAChanneJ of the target SoPEC the endpoint is 
mapped onto: 
OsDMAChannelO 
1 = OMAChannell 


OestJSird 


4:1 


Denotes the ISIld of the target SoPEC as per Table 35 


ChannerEn 


5 


Enable bit for the DMAChannel: 

0 s Channel disabled 

1 = Channel enabled 


SequehceBit 


6 


Sequence bit for packets going from USSEPn to OestlSlfd.DesU- 
SiSubld. Every CPU write to this register initialises the value of the 
sequence bit and this is subsequently updated by the ISI after 
every successful long packet transmission. 



^^''Z^S^^T' endpoims, under the control of the host, as are required for 

diemulti-SoPEC system it is part of. As already mentioned diis mapping may be dynamically reconfig- 



12.7.7 SCB transmit buffer arbitration 



Wien the SCB transmit buffer has been emptied the SCB control logic will immediately seek to tefUl it 

^ to ,r^t^ ^'^'"t^ ! '"'^P"'"' ^'^SI transmit buffer it may be neces- 

sary to arbitrate between these data sources. This atbitiation is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both the CPU and the USB. If only one of these bits if seTtJien ie 
^^^■S^ "^r^^^ ^ "^"^ '^^^^ CPU '5 absolute priority over the USB the 

iaS SCBTxBuffArb have the same value then arbitration will take place on a roundS 

W vl^^'^Z^? f ^ buffer can be emptied is at least 5 times greater than it can be filled 

n™f , "^"^ ^^"'^P*'^* "^ing the above scheme in 

Z^tST't. ? "Ao^T"?"' ^bich could lead to the USB endpoints being tempo- 

rarily blocked such as the CPU having priority, retransmissions on the ISI bus, chamiels being enabled (cf 
the ChannelEn bit of the USBEPnDest register) with data already in their associated endpoint RFOs or 
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short packets being sent on die USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 



12«7.8 SCB Control Block 

The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB, This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISI transmit 
buffer into the SCB transmit buffer and arbitrating between die CPU and itself for access to the SCB sub- 
blocks. 



Table 38. SCB control block configuration registers 













0x120 


WakeupEnatile 


2 


0x0 


This register Is used to gate the propagation of the 
USB and tSI reset signals to the CPR block. Active 
high. 

WakeUpEnaWelOI: cis4Lqpcr»sef_/j control 
WakeUpEnable(li; »Lcpc/eseLn control 


0x124 


SCBTxBuffArb 


2 


0x0 


Determines which source has priority when conten- 
tion arises In filling the SCBTxBuffer. When a bit is 
set priority is gh/en to the relevant source. 
SCBTxBuffArb{0]: CPU priority 
SCBTxBiiffArb[1]: USB priority 


0x128 


SCBDe(3ugSel 


10 


0x000 


Contains address of the register selected for debug 
observation as il would appear on cpu_adr(1 1 :2] 
The contents of the selected register are output in 
the scb_cpu_data bus while cpu_sc6Lse/ Is low and 
scb__cpu_debug_va!icf is asserted to indicate the 
debug data is valid. 

It is expected tttal a numtjer of pseudo-regtsters will 
be made available for debug observation and these 
wiO be outlined with the Implementation details. 



12.8 DMA Manager 



The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USBl . I enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the ISI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each TSISubld, to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpoint and 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU write (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from.the ISI and data arriving from a USB 
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endpomt on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
I Mbit/s at the time of writing but this niay need to be increased especially if a 4- wire ISI bus is used. See 

section 20,6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager perfonns the work of moving data the CPU controls the destination and relarive 
tumng of dataflows to and from the DRAM. The management of the DRAM data buffers requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other woids when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

12.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChannels. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdn DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr. The operation of the circular buffers is shown in Figure 40 below. 




DMAnTopAdr 
DMAnlntAdr 



^ DMAnCurrWPtr 



■Mm:. 




p OMAnMaxAdr 
DMAnBottomAdr 



DMAnMaxAdr 



"4— DMAnlntAdr 



(a) 

Key: | { Free buffer space 



DMAnCurrWPtr 
^ DMAnBottomAdr 



(b) 



Filled buffer space (unprocessed data) 

Buffer space filled since last write to the DMAnlntAdr/DMAnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometime after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin- 
ished band intemipt (which frees up buffer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlnUdr being hit. The DMA manager will continue filling the fi-ee buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU. Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnlntAdr (i.e. DMACurrWPtr = DMAnlntAdr) it will generate an interrupt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlntAdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been freed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA trarisfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register. 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrWPtr register and appropriate addresses to the DMAnln- 
tAdr and DhiAnMaxAdr registers. The DMA operation wiD not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrWPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or ISI receive operation. 

12.8.2 DMA manager DRAM bandwidth requirements 

The DIU must guarantee the SCB enough bandwidA to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can ovenuiL For eTcampIe, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band- 
width utilization and so USB backpressuring should only be used as a last resort. The DIU currently guar- 
antees SO Mbit/s to the SCB and more bandwidth will be available when other DIU requestors do not take 
their slots. This is sufficient for the SCB's requirements. 

12.8.3 DMA manager configuration registers 

All of the circular buffer registers are 256*bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular bufferThe DMAnCurrWPtr always points to the* next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either tiie DMAnlntAdr or 
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J3 



DMAnMaxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMaxAdr register. 



Table 39. DMA Manager Configuration Registers 



^^^^^ 
















0x200 


OMAOBottomAdr 


17 


0x0.0000 


The 256'bit aligned DRAM address of the 
Douom or me circular DUirer servicea Dy 
DMAChannelO 


0x204 


OMAOTopAdr 


17 


0x0.0000 


The 256-bit aligned DRAM addre$s of the 
top of the circutar buffer serviced tsy 
DMAChannelO 


0x208 


DMAOCurrWPtr 


17 


0x0^0000 


The 256-bit aligned DRAM address of the 
next location DMAChannelO will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamtcariy updated by 
the DMA manager during the operation. 


0x20C 


OMAOrntAdr 


17 


0x0.0000 


The 256-bH aKgned DRAM address of the 
location that wOl trigger an Interrupt when 
reached by DMAChannelO buffer. 


0x210 


OMAOMaxAdr 


17 


0x0.0000 


The 25&M alfgned DRAM address of the 
tast free location In the DMAChannelO circu- 
lar buffer. The DMAChannelO transfers will 
stop when h reaches this address. 


0x214 


OMAOSeqBtt 


1 


0x0 


Sequence bit for DMAChannelO. This bit may 
be Initialised by the CPU but is updated by 
the IS! each time an error-free long packet is 
received. 


0x218 


DMAIBottomAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChannell 


0x21 C 


OMAlTopAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
uMMi^annen 


0x220 


DMAICufrWPtr 


17 


0x0.0000 


The 25e-bit aligned DRAM address of the 
next location DMAChannell will write to. TTUs 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x224 


DMAIIntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location that wfli trigger an interrupt when 
reached l>y DMAChannell -buffer. ' 


0x228 


DMAIMaxAdr 


17 


0x0.0000 


The 256-bi't aligned DRAM address of the 
last free location In the DMAChannell circu* 
lar buffer. The DMAChannell transfers wID 
stop when it reaches this address. 


0x22C 


DMAISeqBit 


1 


0x0 


Sequence bit for DMAChannell . This bit may 
be initialised by ttie CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x230 


DMAChanEn 


2 


0x0 


Enat>le DMA operation on a per channel 
basis. Active high. 

DMAChanEn[0]: Enable DMAChannelO 
DMAChanEn(l): Enable DMAChannell 
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Table 39. DMA Manager Configuration Registers 











0x234 


DMAStatus 


4 


0x0 


DMA Status register. See section 12.8^.1. 
TTiis register is Readonly. 


0x238 


DMAMask 


4 


0x0 


DMA mask register. See section 12.8.3.2 



f 2.6.3. f DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live* status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlntAtlr or DhdAnMaxAdr register. 



Table 40. DMA Status Register 









DMAChannetOlntAdrHit 


0 


DMACtiannefO has reached the address contained in the 
DMAOIntAdr register 


OMAChannerOMaxAdrHit 


1 


OMAChanneK) has reached the address contained In the 
DMAOMaxAOr reQister 


DMAChannell IntAdrHit 


2 


OMAChannell has reached the address contained in the 
DMAIIntAdr register 


OMAChannell MaxAdrHft 


3 


OMAChannell has reached the address contained in the 
OAfMfMaxAdrregfster 



i2.B.3.2 DMAMask register 

All bits of the DMAMask are both readable and writable by the CPU, The DMA manager cannot alter the 
value of this register^AU intemq^ts are edge sensitive i.e the DMA manager will generate a dmajcu^irq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DMA i^lanager Mask Register 









OMAChannelOlntAdrHitMasIc 


0 


1 - Generate an interrupt when the DMAChannetOlntAdrHit status 
bit goes high 

0 = Do not generate an intemipt when the DMAChannetOlntAdrHit 
status bit goes high 


DMAChannelOMaxAdrHitMasIc 


1 


1 » Generate an interrupt when the OMAChannelOMaxAdrHit status 
tilt goes high 

0 e Do not generate an intemipt when the OMAChannelOMaxAdrHit 
status bit goes high 


DMAChannell IntAdiHHMask 


2 


As per DMAChannetOlntAdrHitMa^ 


DMAChannellMaxAdrHitMask 


3 


As per DMAChannelOMaxAdrHltMask 



12.9 SCB Implementation 



This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 
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15 



dmapcujfq 



usbi_tx_en 



^ usb_tx^dp 



u_sl)_tx_dm 



usb_rx^ 



ust)_rx_di 



us&_rx_di 



^ us<>_tsujrq 
us lj^cpflfeset_n 



isi_gr4o_dout 
^ 1 / 



lsi_0;Jio_dln 

^ lsi_!icujrq 
fei_cprLreset_n 



scb_diu_wreq ; 




diu_scb_wack 




scb_dlu_wva!ld 




scb_diu_rreq 


! ► 


4 


diLi_scb_fBck 






diu_scb_rvalid 




scb_diu_wadr * ^ 




scb_diu_radr 






scb^diu.data 




< 


dtu.data 





DMA 
Manager 



dma_cpu_data 



USB 



ISI 



dfna_cpu_cntr1 



■7^ 



dma_scbs_dala 



8cbs_dma_data 



dma_scbs_cntrt 



usb_scbs_data 



usb_gcbs_cntrl 



■7^ 



lsLscbs_data 



4' 


8cbs_isi.data 






s — 


isi_8cfas_cntrl 


/ 





CPU 

Subsystem 
Interface 



cpu_scb_^el 



^ CPU, rwn 



sco_cpu. 



sc&_cpu^berr 



cpu_adr 



u 



DRAM 



5Z 



^ cpu_dataout 



CPU 
Block 



SCB 
Switch 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and ISI can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive daU (1 2 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or ISI data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled. Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all endpoints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case the backlog will be fully cleared in 3 USB 64-byte packet times. 
ISI: The ISI can support simultaneous reception and transmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected to handle the packet header and traUer. if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are imidirectional but their direction, namely whether they bic transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not ahvays valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
saiy bits in the case of a DRAM read. Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) buffering for the DRAM manager ? 
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dma_scbs_data 





scbs_dma_data 






dma_scb8_cntr1 , 


— » 



DMA 
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usb_scbs_data 



usb_scfas_cntri 



USB 
i/f 



^ scfas_isi,data 



IS! 
i/f 



dma_dout_rdy_kl(1 :0| 
dma_dout 



dnna_do ut_valid 



dma_<fin,rcfy 



dma_dln^ld[1:0] 



dma_dln 



7" 



dma_dtn_vaiid 



usb_ep.fdy[2:0] 
U8b.rx_data ^' 



usb_clata,valid 



lsi_data_rdy_ldI5:0] 





isL«-jdata ^ 






isLfX_data_valid 






isLtx_rdy 


— ♦ 




isi_bc_data^kJ[4:0l 


— 1 




isl-tx_dala ^ 






f8i.t)e.data.valid 





CPU 
Subsystem 
Interface 



Switch 
Logic 



Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinks 



12 



for i = 1 to no_data_sinks 
if (i <s 2) then 

sinK^data ia dma^din 
sinK-rdy is dma„din_rdy 
sin)c_data_valid is dina„diru.vali<5 
sinJt^id is dina_din_id 
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else 

sink_data is isi_tx_data 
sink_rdy is isi_tx_r<3y 
sin)c_daCA_valid is isi_tx_claco_valid 
sink^id is is i_tx_data_id 



if (data_src_reg(ij != 0> then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if ( (data_src_reg[i] & OxFO) == 0x10) then // A USB en<^int is the data source 
if ( (usb_ep_rdy(4] == 1) AND {usb_ep_rdy [3 ;03 === data_src_reg( ij (3 : 0] ) ) then 

// there is data waiting in the EP FIFO 
while ( <uab_data_valid «== i) AND (sink^rdy == 1) AND clocktick> 
sink_data = usb_rx_data 
sink_data_valid = 1 

if <i <a= 2) then // The sink is a WlAChannel 
sink^idtU = 1 
sink^idCO] t* i 
else // The sink is an ISI channel 
sink_idt5J = 1 
sink_id[4:01 = i -1 
else // There is no data ready to go 
sin)^data_valid = 0 

elsif (data^src.reg & OxPO) 0x20) then // The ISI is the data source 

i£ {isi_data_r4y_idt3:03 data.src_j:eglij [3 :0) > then // there is data waiting 

// in the ISI receive FIFO for this ISISubld 
while ( (isi_rx_data_valid == 1) AND (sinK-.rdy == 1) AND clocktick) 
sink_data = isi_rx^data 
sink_data.valid ^ i 

if (i <s 2) then // The sink is a OiAChannel 
8ink_id[ll « 1 
8ink_id(0] « i -1 
else // The sink is an ISI channel 
sink_id[5] = I 
sink_idC4:0) « i -3 
else // There is no data rea<^ to go 
sink^data_valid = 0 

elsif (data_src_reg & OxFO) == 0x30) then // The DtA. is the data source 

if (dxna_dout_r4y:.idt0) data_src.regri) CO) ) then // there is data waiting 

// in the relevant DMA buffer for this sink 
while ( (droa_dout_valid 1) AND (ainlc^rdy =» 1) AND clocktick) 
sink__data = dma^dout 
sink_data_valid = 1 

if <i 2) then // The sink is a DMA channel 
s ink_id [ 1 J = 1 
sink_id[0) = i -1 
else // The sink is an ISI channel 
sink_id[51 = 1 
sink_id(4:01 = i -3 
else // There is no data reatJy to go 
sink^data.valid = 0 

The above pseudocode has a few shortcomings, particularly if all our data buses arc not the same size, but 
it shows the basic functionality the switch is supposed to offer The main loop of the pseudocode (for i = 1 
to no_data_sinks) dictates what happens within one timeslot The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_ep^rdy[4:0J, isi_data_rdyjd[5:0] and 
dma_dout_r€fy_id[l:0] signals is used to indicate that data is available in the relevant block. 
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13 General Purpose iO (GPIO) 

13.1 OVEFCVIEW 

The General Purpose IO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their iunctions are detailed as: 

• 4 Motor control lOs internally pulled down 

• 4 General purpose high drive pulsed lOs ciq>able of driving LEDs. 

• 4 Open drain lOs used for LSS interfaces 

« 2 Normal drive lOs used for the ISI interface in Multi-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled. A 
programmable de-glitching circuit exists for all ii^^ut pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of die above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functfonarity 







m 




gpio[3:0] 


Motor control p{n6 / Qeneral purpose lO 


flpio[7:4J 


LEO driver pfns / genera] puipose rO 


flpio[11:81 


LSS interface pins / general purpo^ IO 


gpto[13:12] 


ISt interface ptns / general purpose lO 



1 3.2 Motor control 

The motor confzol pins can be direcdy controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period* the phase» the duty cycle» and counter granularity. 

There are two motor master counters (0 and 1) with identical features. The period of the master counters 
are defined by the MotorMasterClkPeriod[l:0] and MotorMasterClkSrc registers i.e. both master countets 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to detennine the timing period. The MotorMasterClkSrc can select clock sources of 
1^,1 0O|AS, i 0ms and pclk timing pulses. 

The MotorMasterClkPeriodfl :0] registers are set to the number of timing pulses required before the tim- 
ing period re-starts. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a imit each time a timing pulse is received 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriodfl :0J registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the ID pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The MotorMasterClkSelect[3:0J registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the count is equal to MotorCtrlHigk value the 
motor control is set to I, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. 

This allows the phase and duty cycle of the motor control pins to be varied at pclk granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 

13.3 LED CONTROL 

LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (128>is period) 
clock generated from the \\xs clock pulse from tfie Timers block. The LEDDutySelect registers are used to 
create a signal with the desired waveform. Uiq>ulscd operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controlled by the LED control logic. 



Master CJock 



LEOOutySelect =0 



LEDDutySelect ^=1 
LEDDutySelect s2 
LEODutySerect =3 
LEDDutySelect s:4 
LEDDutySetectsS 
LEDDutySelect b6 
LEDDutySelect s7 



F^ure42. Duty Cycle Select 



13.4 LSS INTERFACE VIA GPIO 

In some SoPEC system configurations one or more of the LSS internes may not be used Unused LSS 
interfece pins can be reused as general ID pins by configuring the CpuIOCtrl register. When a bit in the 
CpuTOCtrl is set tfie corresponding pin is controlled by the CPU registers, otherwise the pin is controlled 
by the LSS block. By default ^e LSS controb the GPIO pins 11 to 8. 

1 3.5 iSi INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpio[l 2] and gpio[13J pins. Control of the ISI interface pins is detexmined by the CpuIOCtrl register. 
\yhen a bit in the CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the 
pin is controlled by the ISI block directly. By default the pins are directly controUed by the ISI block. 
In single SoPEC systems the pins can be le-used by the GPIO. 

1 3.6 CPU G PIO CONTROL 

The CPU can assume direct control of any (or all) of the lO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpuIOCtrl register. Once set the lO pin assumes die 
direction specified by the CpuIODirection register. When in output mode the value in register CpuIOOut 
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will be directly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-glitched form, by reading CpuIOIn and CpuIOInDeglitch respectively. 
When writing to the CpuIOOut register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits (13 to 0). 

13.7 Programmable de-glitching logic 

Each 10 pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
lO pin for a predetennined time before concluding that a pin is in a particular state. The exact sampling 
length is configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeGlitchSeiect), The sampling length is the same for both high and low states. The DeGlitchCount is pro- 
grammed to the number of system timje units that a state must be valid for before the state is passed on. 
The time units arc selected by DeGlitchClkSel and can be one of 1 jjis, lOOjis, 10ms and pclk pulses. 

For example ii DeGlitchCount is set to 10 and DeGlitchClkSel set to 3, then an input pin (one of gpiofI3 
to OJ) must consistently retain its value for 10 system clock cycles (pclk) before the input sUtc will be 
propagated from CpuIOIn to CpuIOInDeglitch. 

13.8 Interrupt generation 

Any of the GPIO pins can generate an interrupt firom the raw or deglitchcd version of the input pin. There 
are 14 possible interrupt sources from the GPIO to the interrupt controller, one interrupt per input pin. The 
InterruptSrcSelect register determines whether Ac raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 

1 3.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured (FreqAnaLastPeriod) and a running average period (FreqAnaAveragey 

The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqAnaAverage / 8 ) * 7 + FreqAnaLastPeriod 1 8. 

The analyser can be used with any mpMt pin (or its deglitched form), but only one pin at a time can be 
selected The pin is selected by the FreqAnaPinSelect and its deglitched form can be selected by 
FreqAnaPinFormSelect. 
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13.10 Implementation 

13.10.1 Definitions of I/O 



Tabfe 43. I/O deflnlUon 









Clocks and Resets 


pdk 


1 


In 


System Clock 


prst_n 


1 


(n 


System reset, synchronous active low 


timjHjlse[2:0] 


3 


In 


Timers block generated timing pulses. 

0 - 1 iis pulse 

1 - 100 jis pulse 

2 - 10 ms puJse 


CPU Interface 


cpu_addrt7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataoLrt{31 rOJ 


32 


In 


Shared write data bus from the CPU 


gpto_cpu_datat31 :0J 


32 


Out 


Read data bus to the CPU 


cpu_n(vn 


1 


In 


Common read/not-write signal from the CPU 


cpu_gpio_sel 


1 


In 


Slock select from the CPU. When cpu^pio^sei is high both 
cpujetddraniS cpu^dataout ar9 valid 


0piO.cpu_rdy 


1 


Out 


Ready signal to the CPU. When gplojcpu^idy is high It indi- 
cates the last cyde of the access. F=br a write cycle this means 
cptuOataout has been registered by the GPIO block and t6r a 
read cyde this means the data on gpto^cpu_<fata Is valkL 


Qpk)_cpu_berf 


1 


Out 


Bus error signal to the CPU Indicating an invalid access. 


gpio.cpu_debug_vatid 


1 


Out 


Debug Data valid on gpio_cpu_<fata bus. Active high 


cpu.acode[1:0] 


2 


In 


CPU Access Code signals. These decode as foOows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


lO Pins 


9Pio_ofl3:0l 


14 


Out 


General purpose lO output to lO driver 


gplo.if13:01 


14 


In 


General purpose lO Input from lO receiver 


gpio_e{13:0) 


14 


Out 


General purpose lO output control. Active high driving 


GPIO to LSS- 


>ss^k)_do[1.0] 


2 


In 


LSS bus data output 
BitO-LSSbusO 
Bit 1 - LSS bus 1 


gplo.lss_di[1:0) 


2 


Out 


LSS t3us data Input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lssj|plo_en:0) 


2 


In 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 • LSS bus 1 


tes_gpk>_dk[1:0] 


2 


In 


LSS bus dodc output 
BitO-LSSbusO 
Biti -LSS bust 


GPIO to ISf 
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Table 43. I/O definition 











Qplojsi_din(1:0] 


2 


Out 


Input data from lO receivers to ISI. 


isLgpto_doui|1.*0] 


2 


[n 


Data output from ISI to 10 drivers 


isi_^pio_e[lK)I 


2 


fn 


GPIO ISI pins output enable (active high) from ISI Interface 


Interrupts 


gpk>_icujrq[13:0) 


14 


1 CXit 


GPIO pin interrupts 


Debug. 


debugjdata_oin[1 6:3] 


14 


In 


Output det>ug data to be muxed on to the GPtO ptns 


debug_cntr1[16:3] 


14 


In 


Control signal for each GPIO bound debug data line Indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10^ Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1 .4.3 on 
page 70 for a description of the protocol and tinung diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO, When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpio__pcu_data. Table 44 lists the configuration registers in the GPIO block 

Table 44. GPIO Register Definition 




CPU lO Control 




0x00 


CpulOCtri 


14 


0x0000 


Indicates whether each lO pin is directly control- 
led by the CPU or not 

0 - Default Control 

1 - CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU GPIO control 
re(^ster. When 1 user access is enabled. One 
bit per gpio pin. Enatsles access to CpulODirec- 
Hon, CpulOOuU CpulOtn and CpufOtnDegfrtch 
in user nnode if CpulOCtri allows CPU access. 


0x08 


CpuiOSuperModeMask 


14 


OxSPFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supervisor access Is 
enabled. One bit per gpio pin. Enables access to 
CpulODirection, OputOOuU CputOtn and Cpul- 
OlnDeglHch in supervisor mode if CputOCtrf 
allows CPU access. 


OxOC 


CpulODirection 


14 


0x0000 


lndk»tes the direction of each lO pin. when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 - Indicates Output Mode 
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Table 44. GPIO Register Definition 

















0x10 


CpulOOut 


30 


0x0000 
_0000 


Value used to drive output pin in CPU direct 
mode. 

bits1 3:0 • Value to drive on output GPIO pin$ 
Wts 15:14 - Reserved, (Read as zero always) 
bits 29:16 - Write enable mask for bit8l3:0, 0 
enables write, 1 nnasks the write. (Read as zero 
al%vay8) 


0x14 


CpulOln 


14 


Exter- 
nal pin 
value 


Value received on each input pin regardless of 
mode. Read Only register 


0x18 


CpulOlnDegfitch 


14 


0x0000 


Deglltched version of CpuiOin register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pcflr cycles after they have 
stabilized. Read Only regtster. 


Degfitcti contr 




0x20-024 


DeQIitchCount[1:0] 


2x8 


OxFF 


De-glitch drcurt sample count en DeGiitchakSrc 
selected units for pins gpio[13:0] 


0x28-20 


OeGmchakSrc(1:0] 


2x2 


0x3 


Specifies the unit use of the GPIO degiitch cir- 
cuits: 

0 - 1 jts pulse 

1 - 100 fis pulse 

2 - 10 ms pulse 
3-pc«c 


0x30 


DeGIKchSeJeci 


14 


0x000 


Specifies which degfhch count iDeQUtchComt^ 
and unit select (DeGtHcM^B^Srd^ should be used 
to degiitch each GPIO pin 

0 - Specifces D0G!itchCount[OJand DeGHtchak- 
Sn^O] 

1 - Speafies DeGHtchCounUVestd DeGtitchCfk' 
Src[1} 


Motor Control 




0x34 


MotOfCtriUserModeEnable 


1 


0x0 


User Mode Access enat>le to Motor control con- 
figuratk>n registers. When 1 user access is ena- 
bled. 

Enat>les user access to MotorMastefdkPeriod, 
MotorMasterCtkSrc, MotorDutySelect, Motor- 
PhaseSetect, MotorMasterCfockenable and 
MotorMasterCtkSeiect registers 


0x3ato0x3C 


MotorMastefClkPeriodfl :0J 


2x16 


0x0000 


Specifies the motor controller master dock peri- 
ods In MororAfaste/C//rSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use tsy the motor controller 
master dock generator:. 

0 • 1 (IS pulse 

1 - 100 fis pulse 

2 - 10 ms pulse 
3-pc* 


0x44 to 0x50 


MotorCtrlHtgh[3:0] 


4x16 


0x0000 


Specifies the low to high transition point in the 
clock period for each motor control pin. 


0x54 to 0x60 


MotOfCtrlLow[3:0] 


4x16 


OxFFFF 


Specifies the high to low transition point in the 
dock period for each motor control pin. 
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Table 44. GPtO Register DeflnKion 



^^^^ 










0x64 to 0x70 


MotorMasterClkSelect[3:0] 


4x1 


0x0 


specifies which motor master dock should be 
used as a pin generator source 

0 - Clock derived from MotofMAStBfClockPa' 

riod[0] 

1 -Clock derived from MotofMastardockPa- 
riodfl] 


0x74 


MotorMasterClockEnable 


2 


0x0 


Enable the motor master dock counter. When 1 
count is enabled 

Bit 0 - Enable motor master dock 0 
Bit 1 • Enable motor master dock 1 


LEO control 


0x78 


LEDCtrfUserModeEhabie 


4 


0x0 


User Mode Access enable to LED control con* 
figuration registers. When 1 user access is ena- 
bled. 

One bit per LEODutyS^ects^ecX register. 


0x7Cto0x88 


LEDDutySelect[3:0) 


4x3 


0x0 


Specifies the duty cyde for each LED pfn.See 
Figure 42 for encoding details. The LEDDuiySe- 
fecf 3:01/ registers determine the duty cyde of 
the gpi<^:4J pins 


Frequency Analyser 


OxSC 


FreqAnaPinSeJect 


4 


0x00 


Selects which GPIO input shoukJ be used for the 
frequency analyses. 


0x90 


FreqAnaPinFormSelect 


1 


0x0 


Selects if the frequency analyser shoukJ use the 
raw input or the degfitched form. 

0 - Degfitched fbrm of Input pin 

1 - Raw form of Input pin 


0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Arudyser last period of selected input 
pin. 


0x98 


FreqAnaAverage 


16 


0x0000 


Requency Analyser average period of selected 
input pin. 


0x9C 


FreqAnaCoiintlnc 


20 


0x0000 
0 


Frequency Analyser counter increment amount 
Fbr each dock cyde no edge is detected on the 
selected input pin the accumlator Is incrementsd 
by this amount. 


Miscellaneous 


OxAO 


IntemiptSrcSelect 


14 


0x000 


Interrupt source select 1 bit per GPIO pin. 
Determines whether the interrupt source is 
direct form the input pin or the deglitched ver- 
sion 

1 - Input pin direct 

0 - Deglitched input pin 


0xA4 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of 
the register to report on the gpio_cpu_data bus 
when it is not otherwise l>eing used. 


0xA8*0xAC 


MotorMasterCount 


2x16 


0x0000 


Motor master dock counter values. 
Bus 0 - Master dock count 0 
Bus 1 - Master dock count 1 
Read Only registers 
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13.10,2. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type {cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the GPIO will issue a bus error by; asserting the gpiojcpujjerr signal. 

Access to the CpuIODirection^ CpuIOOut, CpuIOIn and CpuIOInDeglitch is filtered by the CpuIOUser- 
AfodeMask and CpuIOSuperModeMask registers. Each bit masks access to the corresponding bits in the 
CpuIO* registers for each mode, with CpufOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask fUtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result Similarly for supenrisor mode. 

When writing to the CpuIOOut register, bits 29 to 16 arc used to mask the write to the CpuIOOutfl3:0J, If 
the mask bit is zero die write is active to corresponding CpuIOOut pin. otherwise the write to that pin is 
ignored. 

The pseudocode for determining access to the CpuIODirection register is shown below. Similar code could 
be shown for the CpuIOOut, CpuIOIn and CpuIOInDeglitch registers. 

if (cpu_«code == SUPERVISOR _PATA_MODE) then 
// supervisor mode 

if (CpuIOSuperModeMask [ 13 :0] s= 0 ) then 

// Access is denied* and bus error 

SPio_cpu_berr = X 
elsi£ (cpu^fvn 1) then 

// read mode 

gpio_cptL.aata{l3:0I « ( CpuIOOut (13 :0) & CpuIOSuperModeMask 1 13 : 0] ) 

else 

// vnrite mode, filtered by mask! 

inask(13:GJ = - (cxni.dataout [29 1 161 ) & CpuIOSuperModeMask ( 13 ;0) 

CpuIOOut 113:0] = (( cpn_dataout 113:0) & masktl3;0] ) | 
( CpuIOOut [ 13 :0J & -<masK(13:0n))) 
elsif <cpu_acode USER^pATAjKODE) Chen 
// user datamode 

if (CpuIOUserModeMasktl3:0) 0 )' then 

// access is denied, and bus error 

Spio_cpu_berr = 1 
elsif (cpu_rvm == 1) then 

// read mode, filtered by mask ' 

gpio_cpu_data = < QpuIOOut (13 :0} & CpulOUserHodeMask(13 :0) ) 
else 

// tmrite mode, filtered by mask 

maskri3:0] = - (cpu.dataout (29 : 16] } & CpuI0UserModeHask(13 .-0] 

CpuIOOut (13:0] = (( cpu.dataout (13:01 & mask(13:0] ) | 
< CpuIOOut (13:0] & -{mask(13:0]]))) 

else 

// access is denied, bus error 
gpio_cpu_bein: = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error {gpio_cpuJberr asserted). 



Table 45. GPIO supervisor and user access modes 







i j:r. :=i>s iA).=i ri\mm'-^khr. I- 






0x00 


CpulOCtrf 


Supervisor data mode only 




0x04 


CpulOUserModeMask 


Supervisor data mode only 




0x08 


CpulOSuperModeMask 


Supervisor data mode only 




OxOC 


CpulODirection 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x10 


CpulCXDut 


CpuIOUserModeMask and CpulOSuperModeMask filtered 




0x14 


CpulOln 


CpulCXiserModeMask and CpulOSuperModeMask filtered 




0x18 


CputOJnOegUtch 


CpuIOUserModeMask and CpulOSuperModeMask filtered 




0x20^4 


D6QBtchCount(1:0] 


Supervisor data mode only 




0x28-20 • 


DeGlitchClkSrc[1:0] 


Supervisor data mode only 




0x30 


OeGCtchSelect 


Supervisor data mode only 


1 


0x34 


MotorCtrlUserModeEnable 


Supen^sor data mode only 


I 


0x38 to 0x3C 


MotorMasteiClkPer1od[1 :0] 


MotorCtrtUserModeEnat)le enabled 


1 


0x40 


MotorMasterOkSrc 


MotorClriUserModeEnatJie enabled 




0x44 to OxSO 


MotorCtf1Hioh[3:0] 


MotorCtrlUserModeEnable enabled 




0x54 to 0x60 


MotorCtrtLow(3:0] 


MotoiCtr1UserModeEnat)Ie enabled 


1 


0x64 to 0x70 


MotorMasterC!kSelect(3:0] 


MotorCtrtUserModeEhabfe enabled 


1 


0x74 


MotorMasterCtockEnable 


MotorCtrlUserModeEnable enabled 




0x78 


LEDCtrlUserModeEnable 


Supervisor data mode only 




0x60 


LEODulyS6lect[0] ; 


LEDCtriUsefModeEnable[0] enabled 




0x84 


LEDOutySelecttI] 


LEDCtriUserModeEnable[1] enabled 




0x74 


LEDDutySelect(2] 


LEOariUserModeEriable[2] enabled 




0x88 


LE0DiitySelect(3] 


LEDCtriUserModeEnab(e[3] enabled 




Ox8C 


ReqAnaPlnSelect 


Supervisor data mode only 


1 


0x90 


Req AnaRn FormSelect 


Supervisor data mode only 




0x94 


FreqAnaLastParlod 


Supervisor data mode only 




0x98 


FreqAnaAverage 


Supervisor data mode only 




Ox9C 


FreqAnaCountInc 


Supervisor data mode only 


1 


OxAO 


IntarruptSrcSelect 


Supervisor data mode only 


1 


0xA4 


DebugSelect 


Supervisor data mode only 


1 


0xA8-0xAC 


MotorMastefCount 


Supervisor data mode only 
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13.10.3 GPIO partition 
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Figure 43. GPIO partition 



13,10.4 lO control 

The lO control block connects the lO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins, ISI and LSS control logic: 
// motor and led pins 
for <i=0; i<14 ; ( 

if (debug_cntrl [ij == 1) then 

gpio_e{i] a I 

gpio_o(i] = debug_data_out: ( i ) 
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cpu_io_in(i) = gpio_iti] 
if (cpu_io_ctrl[il == 1) then 

gpio_e(i) = cpu_io_dir ( i] 

gpio^otij = cp\j^io_out (i] 

cpu_io_ln[iJ e gpio_i[iJ 
else 

// default control 

if { i < 4 > then // motor control pine 

gpio_eCil « 1 

gpio.olil =5 motoric trl (i) 

cpu_io_in(il = gpio_iIil 
els if ( i < 8 ) then // LED pins 

Qrpio_e(i) = 1 

gpio_o[i3 » led_ctrl[i) 

cpu_io_inIi] = gpio_iCiJ 
elsif (i < 10) then // hSS interface clock pins 

gpio_e(i) s 1 

gpio.oCi] • lss_gpio_clkCi-8] 

cpu.io_in[i] = gpio_i[i] 
elsif (i < 12) then // LSS interface data pins 

gpio_e[iI = lss_OTio_e[i-103 

gpio_oCi) = lss.jgpio_do[i-10] 

lss_flpio_di[i-101 = gpio_i(i) 
else // ISZ interface^ pins 

flPio„e[ij o isi_gpio_eCi-12J 

gpio_o[i] «s isi_gpio_doutri-12) 

isi_gpio_din[i-12) = gpio_i[il 

} 

1 3.1 0.5 LED pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a 1 (is pulse from the timers 
block (tim^ulsefOJ). The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED (led^duty _jel). 

The logic is given by: 

for (i=0 i<4 ;i*+) { // for each LED pin 
// period divided into 8 segments 
period.div8 = cntt6;4]; 

if (period_div6 <= led_duty_sel CD ) then 

led^ctrltil = 1 
else 

led_ctrl[i) « 0 
// in higher half invert the led control 
if (cntC6) » 1) then 

led_ctrlCiI « - led_ctrltij 

) 

// update the counter every lus pulse 
if (tim_pul8e(0] == 1) then 
cnt +♦ . 

13.10.6 Motor control 

The motor controller consists of 2 counters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse (cnt_en) is received. The counters start the configured 
clock period value {motor_mas_clk^eriod) and decrement to zero. If the counters are enabled (via 
motor_mas_clkjsnable), the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the coxmters are re-enabled. 
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The timing pulse period is one of pclK 1|as, 100^5, 1ms depending on the motor_mas_cik_sei signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 

// decrement logic 
if (cnt_en 1) then 

if ( (mas_cnt 0) AND (niotor_inas_clk_enable == 1>) then 

mas_cnt = motor_inas_cl)c_period(15 : OJ 
olsif < (mas^cnt AND (motor_mas_cl)^enable =- 0) ) then 

mas^cnt = 0 
else 

mas_cnt 
else // hold the value 
mas^cnt = inas_cnt. 



incitor_mas_dk_firc ~' ^ '~ L 
timj)ulse(0]- " 

tim_putee(2J- 
1- 



- fnotor_nfiasjdKj)eriod[0] 
inotocinas_cIK_enable[oj 




motof_ctrt 



<notor.fnasjciK.periO(f[l ] — 7^-^ 
fnotocmas_dK.enable(1 ] 



niotor_inas_courit 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
{motor^mas^dkjsel) the motor control high transition point {motor^ctrljiigh) and the motor control low 
transition point (jnotor_ctrlJiow), There are 4 instances one per motor control pin. 

Tlie logic is given by: 

f/ select the input counter to use 
if (motor_jnas_clk_sel ==1) then 

count = nias_cnttll 
else 

count « inas_cnt(OJ 
// Generate the phase and duty cycle 

if ( (motor_ctrl == 1 ) AND (count -~ motor_ctrl_low) ) then 
motor^ctrl = 0 

elsif ( (motor_ctrl ==» 0) AND (coxtnt == inotor_ctrl_high) ) then 

inotor_ctrl = 1 
else 

znotor.ctrl = inotor.ctrl // remain the same 
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J3 



13.10.7 Input deglltch 



The input deglitch logic rejects input states of duration less than the configured number of time units 
(deglitch^cnt), input states of greater duration are reflected on the output cpujojnjteglitch. The time 
units used (either pc/*. I^is, lOO^s, 1ms) by the deglitch circuit is selected by the deglitch_clk_src bus. 

There are 2 possible sets of deglitch_jcnt and deglitch_clk_jrc that can be used to deglitch the input pins. 
The values used are selected by the deglitch^sel signal. 

Each input pin can be used to generate an interrupt. The intemipt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt_^rcjselect signal. 

The counter logic is given by 

if ( cpu_io_in 1= cpu^io_in_delay) then 

cnt « deglitch_cnt 

output^en = 0 
els if (cnt 0 ) then 

cnt a cnt 

output.en « 1 
elsif (cnt_en «== 1) then 

exit 

output_en = 0 



Cpu_taL.Jn • 



tlm_pulseIO]- 
ilin_p«jlse(!j- 

1- 



cpu_to_ln_dfllay 



degIitch_dK_saltO) 
<l8glitch.c!k.se^l] 

deofitcri_cntCO] 
dagntch.cntli] 

degntcfusel- 




Counter 



< 7^ 



^ Logic 



^ en 



Compare 



Qinput_en 



cpu_lo_ln_d ofllltch 



cpu_ioJn 



» gplo_lcii.lfq 



lntemip(_«fc_sel 
Figure 45. Input de-gfitch RTL diagram 



13.10.8 Frequency Analyser 

The frequency axialyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSel) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a counter by a programmed amount (FreqAnaCountlnc) on each clock cycle. When a positive 
edge is detected the FreqAnalastPenod register is updated with the top 16 bits of the counter and the 
counter is reset The frequency analyser also maintains a running average of the FreqAnaLastP^iod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnoLastPeriod, The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnoLastPeriod and FreqAnaAverage registers can be written to by the CPU. 
The pseudocode is given by 

if ({pin == 1) AND pin.delay so© >)then // positive edge detected 
fre<a_«na_lastperiod = count [31: 16] 

^^®<I_«na_average = f rea.ana_average - freq_ana_average/8 £req_ana_la&tpericxi/8 
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count c 0 
else 

count = count + freq_ana_count_inc 
// implement the configuration register write 
if (wr_last_en == 1) then 

freq_ana_lastperiod = wr_data 
elsif (wr_average_en ce i > then 

f req_ana_average * wr.data 



cpu^loJr>_degfitch(1 a.-OI 
cpu_io.in[l'3:0] 



freq_ana^.plnJonn_8el 
freqjanajjin-se^drO] 




wrjdatal15:0> — ^ 
wr_last_on — 



2<l 



freq^anauoounUnc — 7^ 



Analyser Logic 



t6. 



^ ^ count 



32 



□ 



Figure 46. Frequency analyser RTL diagram 



(req.ana_tasLperfod[lS:0] 



freqjana jBve(ags[l 5:0] 
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14 Interrupt Controller Unit (ICU) 

The interrupt controller accepts up to N input interrupt sources, determines their priority, arbitrates based 
on the highest priority and generates an interrupt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next axbitiated interrupt if one is pending. 

Each interrupt source has a fixed vector number N, and an associated configuration register, IntR^[N]. 
The format of the IntRegfN] register is shown in Table 46 below. 



Table 46. fntReg[N] register format 









Priority 


7:0 


Intemipt priority 


Type 


9:6 


Determines the triggering conditions (or the Interrupt 

00 - Positive edge 
10- Negative edge 

01 - Positive level 
11 - Negative level 


Mask 


10 


Mask bit. 

1 - Interrupts from this source are enabled, 
0 - Interrupts from this source are disabled. 

Note that there may be additional masks in operation at the source of the 
interrupt 


Reaervod 


31:11 


Reserved. Write as 0. 



Once an interrupt is received the interrupt controller determines the priority and maps the programmed pri- 
ority to the available CPU priority levels, and then i&SMs& an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent on CPU choice. 

For example for the LEON CPU Acre are 15 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 map to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0. Level 0 is no interrupt Level 15 is the highest interrupt 
level, 

14.1 Interrupt preemption 

There are two types of pre-emption possible: standard LEON pre-emption and SoPEC pending pre-emp- 
tion. With standard LEON pre-emption an interrupt can only be pr^-empted by an btemipt with a higher 
priority level If an interrupt witii the same priority level (I to 15) as the interrupt being serviced becomes 
pending then it is not acknowledged imtil the current service routine has completed. The SoPEC pending 
pre-emption is an extension of the standard LEON scheme which is made possible by the programmable 
priority levels in the IntReg[N] register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending. If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed 

Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. 
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AU intenupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an interrupt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 



14.2 Interrupt sources 



The mapping of interrupt sources to interrupt vectors (and therefore IntReg[N] registers) is shown in 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrupt 
sources. 

Tal3le 47. Interrupt sources vector table 





11^" 




0 


Timers 


WatchDog Timer Update request 


1 


Tlmera 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 interrupt 


3 


Timers 


Generic Timer 3 interrupt 


4-17 


GPfO 


GPIO general interrupt, source pin 0 -13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB Interrupt 


20 


SCB 


(SI interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS interrupt, LSS Interface 0 interrupt request 


23 


tss 


l-SS interrupt. LSS Interface 1 1ntera/pt request 


24 


PCU 


PEP Sut>-system Interrupt- CDU finished t)and 


25 


PCU 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system Intenupt- LBD finished band 


27 


PCU 


PEP Sut>-aystem Interrupt- T£ finished band 


28 


PCU 


PEP Sub-system Interrupt- PCU finished band 


29 


PCU 


PEP Sub-system Interrupt- PCU Invalid address Interrupt 


30 


PCU 


PEP Sub-system Interrupt- PHI Buffer underrun 


31 


PCU 


PEP Sub-system Interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Interrupt- PHI Une Sync Intemipt 
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14.3 Implementation 



14.3.1 Definitions of I/O 

Table 48. Interrupt Controller Unit I/O definition 



Clocks and Resets 





1 


rn 


System Clock 


prst_n 


1 


In 


System reset, synchronous active k>w 


CPU Interface 


cpu_adr(7:2] 


6 


rn 


CPU address bus. Only 6 bits are required to decode the 
address space for the ICU block 


cpu_dataout[31:0} 


32 


in 


Shared write data bus from the CPU 


lcu.cpu.data[31:0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_lcu_sel 


1 


In 


Block select from the CPU. When cpu^icu^sel ls high both 
cpicadrand cpu^dataout are valid 


■cujcpu.fdy 


1 


Out 


Ready signal to the CPU. When icuLcpu^nfyls high it Irufr- 
cates the last cyde of the access. I=br a write cyde this 
means qpt/_dataoc/f has been registered by the ICU bkxik 
and for a read cyde this means the data on icujcpu^data Is 
valid. ~ 


lcu.cpu_nevet[3:0] 


4 


Out 


Indicates the priority level of the current active intemipt 


cpu^iack 


1 


Out 


Intemipt request acknowledge from the LEON core. 


cpu_lcuJlevel[3:0J 


4 


In 


Interrupt acknowledged level from the LEON core 


teujcpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu.acodefl :0] 


2 


In 


CPU Access Code signals. These decode as IbQows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

11 * Supervisor data access 


lcii_cpu_debug_vaHd 




Out 


Debug Data vaDd on teu_cpu^aata bus. Active high 


Interrupts 


tim_icu_wdjrq 




In 


Watchdog timer interrupt signal from the Timers bfc)ck 


tlmJctJjr(rt2:0J 




In 


Generic timer interrupt signals from the Timers block 


gpte_icuJrq[13:0J 


14 


In 


GPIO pin interrupts 


mniu_icu_irq 




rn 


Memory Management Unit intenrupt 


usb_icujrq 




In 


USB Interrupt from the SCB 


isijcujrq 




In 


ISI interrupt from the SCB 


dmajcujrq 




In 


DMA interrupt from the SCB 


Iss.feu Jrqfl .-0] 




in 


LSS interface interrupt request 


cdu.finishedband 




In 


Rnished l^and interrupt request from the CDU 


cdujcujpegerror 




in 


JPEG error intenrupt from the CDU 


Ibd.finishedband 




In 


Rnished band interrupt request from the LBD 


to^finishecftiand 




rn 


Finished t)and interrupt request from the TE 


pcu_fin}shedband 




rn 


Finished band intemipt request from the PCU 


pcujcu.addressjfwalid 




In 


Invalid address Interrupt request from the PCU 
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Table 48. Interrupt Controller Unit I/O definition 





ESS 


^1 




phijcu_underrun 


1 


In 


Buffer underrun interrupt request from the PHI 


phiJcu^pagejTinish 


1 


In 


Page finished Interrupt request from the PHI 


phi_lcu^rin|_rdy 


1 


In 


Print ready interrupt request from the PHI 


phLicuJinesyncJnt 


1 


In 


Une sync Interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu^cujiata. Table 49 lists the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpujacode(l :0} - 
SUPERyiSOR_DATA). All other accesses will result in icu_cpuj)err hemg asserted. 



Table 49. ICU Register Map 









P?^7^ 




1 


0x00 - 0x84 


lntReg[33:0] 


34x11 


0x000 


Interrupt vector configuration register 


1 


0x88-0x8C 


intaear(1.-0] 


2X32 


0x0000 
_0000 


Interrupt pending clear register. If wntten with a one 
it dears corresponding interrupt 
lntCleaf(0] - Interrupts sources 31 to 0 
IntCleartl] - Interrupts source 33 to 32 


1 


0x90-0x94 


lntPendin9[1:0] 


2x32 


0x0000 
_0000 


Interrupt pending register. (Read Only) 
lntPendtng[0] • Interrupts sources 31 to 0 
IntPendlngll] - Interrupts source 33 to 32 


1 


0x98 


IntSource 


6 


0x00 


Indicates the interrupt source of the current winning 
acth« interrupt. (Read Only) 




0x9C 


DebugSefect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the ic(jucpu^<iata bus when it 
is not othetwise being used. 



i3 
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14.3.3 ICU partition 

tlmjcu^wdjrq 
lini_lcujrql2:0] 
o_icujfq[13:0 



tlmjcu^wd Jr< 
iim_ 
flpioj _ 

mimi^lcujrq ' 
ijsb_lcujrq « 
IsLlcuJrq - 
dma^lcujrq - 
lssjcujrq[1:0( - 
cdu finishfldbano « 
odu Jcu.J)egerror - 
Ibd_finishe3band . 
te^finishedband - 
pcu.fintshodband - 
pcu_icu_ctddress_tnvalid - 
phLicuj)ag6.flnish - 
phUcu_prinC^ - 
phlJcu_underFun > 
pM.icuJinesync.tnt - 



)(34 



Interrupt 
detect 



f 



34x12 



cpujnuctear 



Configuratfon 
registers 







A 




i 2 




* 


IB 

s, 










/ 

32 




.debug. 








1 








! 




I 




\ 


1 


1 








i 






1 


' 2 













34^ 

4 



Interrupt 
controller 



>^4 



CPU 



Figure 47. ICU partition 



14.3.4 Interrupt detect 



The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the interrupt source signal » and determines whether it should generate request pend- 
ing (int^pend) based on the configured interrupt type and the inteniq)t source conditions. If the interrupt is 
not masked the interrupt will be reflected to the interrupt arbiter via the int_active signal. Once an interrupt 
is pending it remains pending until the interrupt is accepted by the CPU or it is level sensitive and gets 
removed. Masking a pending interrupt has the effect of removing the interrupt from arbitration but the 
interrupt will still remain pending. 

When the CPU accepts the interrupt (using the normal ISR mechanism), the interrupt controller automati- 
cally generates an interrupt clear for that interrupt source {cpu^int_clear). Alternatively if the interrupt is 
masked, the CPU can determine pending interrupts by polling the Impending rasters. Any active pending 
interrupts can be cleared by the CPU without using an ISR via the IntClear registers. 

The logic is shown below: 

MSlc « int_config(10] 

type = int_configt9:81 

int^priority = int_conf ig(7 : OJ 

i"t_pend = last_int_pend // the last pending interrupt 

// update the pending ff * 
if ((int_clear == 1 )OR (cpu_int_cleara=l) ) then 

int,j)end = 0 
// test for interrupt condition 

if ((type =a NEG^LEVEL ) AND (int_src == 0) then 
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int_pend = 1 
elsif (<type == POS_LEVEL) AND (int_src == 1) 
int_pend = 1 

elsif (<type «- NEG_EDGE ) AND (int_src == X) AND (last_int_8rc == 0)) 
int_pend = 1 

elsif ((type POS^EDGE ) AND (int_src == 0) AND (last_int_src 1)) 

int^end « 1 
else 

int_pend = Iast_inc_src // stay the same as before 
// mask the pending bit 
if (mask i) then 

int_active = int_pend . 
else 

int_active » 0 
// assign the registers 
last_int^src »= int_src 
last^lnt^end =» int_pend 

14.3.5 Interrupt arbHer 

The interrupt arbiter logic arbitrates a winning interrupt request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu_cpu_ilevel to a non-zero value. The 
priority of the interrupt is reflected by tiie value assigned to icu^cpujievei, the higher the value the higher 
the priority, 1 5 being the highest. The current winning interrupt and is reported to the CPU via the IntSrc 
register generated in the interrupt arbiter block. 

// arbitrate based on priority 
if (arb_enable -= 1 ) then 

// arbitrate with the current winner 
win_int_priority = 0 
int^src = O 

int^request s o 

for (aeO;i<34;i4>4-} { 

if ( int_activeli) =« 1) then < 

if (int_priorityiiJ > win_int_priority ) then 
wia^intjriority = int_priority [ij 
int^src = i 

int_request e 1 

} 

> 

> 

// assign the CPU interrupt level 
int^ilevel = int_prioritylint_srcH7:4J 
) 

14.3.6 Interrupt controller 

The intenupt controller is responsible for generating the interrupt to the CPU, accepting the interrupt 
acknowledge from the CPU and clearing the interrupt source pending bit 
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The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1 .9 
on page 98 for a complete description of the interrupt handling procedure. 



<: 



Reset 



int requffflt=0 



c 



3 



.enat}ie= 1 



Int requgst^j. 



< 



art)_enaole &> 1 



can iaelc^l ANQ 

enu leu WeMBfaieu eatt jtoyftl 



IntClear 



3 



cpu_im_cteai(Int,src)=1 
artL.enab(9 = O 



Machine remains In same state by default 
Afl outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: Interrupt pending, waiting for CPU acknowledge 

IntClear: Interrupt dear, dear the pending bit for the 
current interrupt vector 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending (int^jiequest equal 1). The state machine goes to die IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state uxitil the inteimpt is 
acknowledged by the CPU or the pending intemipt condition is removed. 

When the internet is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
the interrupt source. 

On completion the state machine returns to the Reset state and again waits for the next pending interrupt 
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15 Timers Block (TIM) 



The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 



1 5.1 Watchdog timer 



The watchdog timer is a 32 bit cotmter value which counts down each time a timing pulse is received. The 
period of the timing pulse is selected by the WatchDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach 1 , a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog timer can be polled by the CPU and reset each time it gets close to 1 » or alternatively a 
threshold (WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interrupt can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTUner register. 



1 5.2 Timing pulse generator 



The timing block contains a timing pulse generator clocked by the system clock, used to generate timing 
pulses of l|is, IOO|Jis and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the F^eRunCount register. 



15.3 Generic timers 



SoPEC contains 3 programmable generic timing counters, for use by the CPU to time the system. The tim- 
ers are progranmied to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-progranmied by the CPU, At any time the status of the counter can be 
read from GenCntValue, or can be reset by writing to GenCntValue register. The auto-restart is activated 
by setting the CenCntAuto register, when activated the counter restarts at GenCntStartValue, A coimter 
can be stopped or started at any time, without affecting the contents of tiie GenCntValue register, by writ- 
ing a 1 or 0 to the relevent GenCntEnable register. 
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1 5.4 Implementation 

15.4.1 Definitions of I/O 



Table 50. Timers block I/O definition 




Clocks and Resets 



pdk 


1 


m 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


tim^ulse[2:0] 


3 


Out 


Hmefs block generated tinung pulses, each one pdk wide 

0- 1)ls pulse 

1 - 100 118 pulse 
2 - 10ms pulse 


CPU Interface 


cpu_adr(6:2] 


5 


In 


CPU address bus. Only 5 brts are required to decode the 
address space for the ICU block 


cpu_dataout[3 1 rO] 


32 


in 


Shared write data bus from the CPU 


tim_cpu_<lata[31 :01 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


(n 


Common read/not-write signal from the CPU 


cpu_tim_sel 


1 


In 


Block select from the CPU. When cpu_tim_selis high both 
cpu_adran<i cpu^dataout are valid 


tim_cpu_rdy 


1 


Out 


Ready signal to the CPU. When tfm_cpu_rdy Is high It indi- 
cates the last cyde of the access. For a write cyde this 
nfieans cpu_dalao</f has been registered by the TIM btock 
and for a read cyde this means the data on timjcpu_data is 
vaUd. 


tifn_cpu_berr 


1 


Out 


Bus error signal to the CPU indteating an invaRd access. 


cpu.aoode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


tim_cpu_debug_valid 


1 


Out 


Debug Data valid on tifri.cpu^data bus. Acthra high 


Miscellaneous 


tim_lcu_wdjrq 


1 


Out 


Watchdog timer Interrupt signal to the ICU bk>ck 


tim_lcujrq[2:0] 


3 


Out 


Generic timer interrupt signals to the ICU block 


tim_cpr_reset_n 


1 


Out 


Watch dog timer system reset. 
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1 5.4.2 Timers su b-block partition 



CPU 





ccu^dr 






cpu_tim__sel 






cpu^dataout 


► 




tfn_cpu_fdy 




4- 


tfm„cpu.cSala 




4- 


cpu_rwn 






CPU aoode 


w 




tfm_cpu_berr 





^ tim_cpu debug valid 







Jr6«_run_cnt 


-g- 


lreo_fun_data 




free_run_wen 




free arn adr 


► 



e» 
£ 
c 
o 

S 
& 



Timing pulse 
Qenerator 



wrio9 fim thri>c 



wdoq unit sel 



wdog_wen 



wdoQ_tim data 



wdOQ tfm cnt 



^3^ 



wn tlm gn 



Qgn tim auto 



mn unit stf 



oen wftn 



| Oen_tim_data 



gen_tim_cnt 



gen_tfan_cnt_st_valu9 ^ 



Watchdog 
timer 



-> tim^tse[2:0) 
tim Jcu_wd_lrq 



Generic 
timers 



i*tirn.icu.iiqI2.'0] 



Figure 49. Timers sub-block partition diagram 



1 5.4.3 Watchdog timer 



The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold (yvdogjtimjthres) value an interxupt is 
generated {timjum^wd^irq) requesting ^e CPU to iq>date the counter Setting the counter to zero disables 
the watchdog reset In supervisor mode the watchdog counter can be written to or read from at any time, in 
user mode access is denied Any accesses in user mode will generate a bus error. 



wdog^umusel 

tiiTv_putsa(0} 
tini_putse{l) 
finupcjisep) 



vwdog_wen 
wdog_tim_data 




tifn_icu_wd_irq 
► tiin_cpr,.fBsev.n 
^ wdog.lIm_cnt 



Figure 50. Watchdog timer RTL diagram 



The counter logic is given by 
if (wdog^wen 1) then 

wdog.tiaucnt « wdo^.tioudata // load new data 
elsi£ ( wdo9_t±flucnt == O) then 

wdog_tixiv_cnt « wdog.t indent // count disabled 
elsif ( cnt_en == 1 ) then 
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else 

wdog_tim_cnt = wdog_tiiiucnt 
The timer decode logic is 

if (( wdog_tiin_cnt == wdog_tinuthres) AND <wdog_tinucnt 0 )) then 

tinL.icu_wd_irq s 1 
else 

tinL^icu^wdLirq = 0 
// reset generator logic 
if (wdog.tinucnt 1) then 

tinL-Cpr_reset^n = 0 
else 

tinucpr_reset_n = 1 



1 5.4.4 Generic timers 



The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and coimts down once per selected timing pulse (gen_unit_sel). The timer can be enabled or 
disabled at any time (gen^tim^en), when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (genjtim_auto) after it hits zero. In supervisor mode a timer can be written to or 
read &om at any time, in user mode access is determined by the GenCntUserModeEnable register settings. 

2 

gen_uniL.sel- 

timj}tjlse[0] 
tlm.jxjCse(11 

1 



gerutirTL.cnC.sL.value 
Qer\_w©n 
' g6n_timL.data 
gen_tim_en 







» 

^ 
















> 




tini_lcu^ifQ 



> gen_tbn.ent 



Figure 51. Generic timer RTL diagram 



The counter logic is given by 

if (gen_wen a«x i) then 

'gen_tiin_cnt = gen_tixt^data 
elsif (( cnt_en so i )and (gen_tiin_en == 1 ) ) then 

if ( gen_tiitL.cnt ==0) then // coxinter may need re^starting 
if (gen_tinuauto »« 1) then 

gen_tiin_cnt = gen_tinL.cnt_st_value 
else 

gen_tiin_cnt « gen_tiiiL.cnt 

else 

gen_t iiiL_cn t- - 

else 

gen_tim_cnt = gen_tijii_cnt 

The decode logic is 

if (gen_tim_cnt 1) then 

tinv_icu_irq = 1 
else 

tilt\_icu_irq = 0 
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15.4.5 Timing pulse generator 

The timing pulse generator contains a general free nmning 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of l^s, lOO^is and 1ms. In supervisor mode the 
free running timer register can be written to or read from at any time, in user mode access is denied. The 
status of each of the Ins, lOOjis and 1ms timer can be read by accessing the JtmerPulseStatus registers. 
Any accesses in user mode will result in a bus error. The status of each of the IfAS, lOO^s and 1ms timer 
can be read by accessing the TimerFuIseStants register in supen^isor mode. 



Free Run Timer 



free^f un_wen ^ 

frefl.run_dala — ^ ^ 
freejruruadr ► 




— ^ ffeo_run_crrt 



1 US Timer 



Decrement 
Logic lus 



100US Tim ^r 



pulse.lus • 



Decrement 
Logic lOOus 



puise.ioolis ' 



Decrement 
Logic 10ms 



10ms Timer 

N 



Compare 



putea^lus ^ tfrn_pu,setO] 



# Compare 



pulse_100u^ 



tlm.pijlse[i] 



Compare 



^ tifn_pu!se{2| 



pulse.timar.siatus 



Figure 5Z Pulse generator RTL diagram 



15.4.5. i Free Run Timer 

The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register (FreeRunCount) is written 
to, the configuration registers block will set the free^run_wen high for a clock cycle and the value on 
free^runjdata will become the new count value, for the 32 bits selected by the free^run^tidr signal. If 
Jree_run_adr is 1 the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 

if ( f r€e_run_wen == 1) then 
if ( f ree_run_«dr == 1) then 

f ree_run_cnt(63 : 32] = f ree^run^data 
else 

free_run_cnt[31:01 « f ree_rim_<!ata 

else 
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free_run_cnt ♦+ 



15.4.5,2 Puise Timers 



The pulse timer logic generates timing pulses of 1 clock cycle length and period of l^s, lOO^ts and Ims. 

The logic for the l|is timer is given by: 

// lus generator 

if (pulse_lus__cnt 0 ) then 

pulse_lus_cnt = 159 

pul8e_lus = 1 

else 

pulae_lus_cnt 

pulse.lus B 0 

The logic for lOOjxs timer is given by: 
// lOOus generator 

if ( (pulse_100us_cn.t == 0 ) AKD (pulse.lus 1)> then 

pulse_100us_cnt =99 

puloe__100us = 1 

elsif (pulse_lus == 1) then 

pulse_100us_cnt — 

pulse_100u8 = 0 
else 

pulse_l00us_cnc — 
pulse_100us = 0 

The logic for the 1 0ms timer is given by: 
// lOxns generator 

if ( <pulee_10ins.cnt == 0 > AND (pulse.lOOus == 1)) then 

pul8e_10ras_cnt = 99 

pulse_10ms s i 

elsif {pulse.lGOus i) then 

pul8e_10ms_cnt — 

pulse.lOms « 0 

else 

piilse_10nis_cnt — 
pulse_10cis = 0 



The configuration registers in the TIM are programmed via the CPU interface. Refer to section 11. 4.3 on 
page 70. for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM. 



1 5.4.6 Configuration registers 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of tim^cujdata. Table 51 lists the configuration registers in the TIM block . 



Table 51. Timers Register Map 







M 






0x00 


WalchDogUnitSel 


3 


0x0 


Specifies the units used for the vvateh<tog 

timer: 

0 - 1 }is pulse 

1 - 100 |xs purse 

2 - 10 ms putse 
3'pclk 


0x04 


WatchOogTlmer 


32 


OxFFFF 

JFPFF 


Specifies the number of units to count before 
watcfxJog timer triggers. 


0x08 


WatchDoglnfThres 


32 


0x0000 
,0000 


Specifies the threshold value below which the 
watchdog tinier Issues an intenupt 


OxOC-OxlO 


R6eRunCount(1 .-0] 


2X32 


0x0000 
JOOOO 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31-0 
Bus 1 - Access to bits 63-32 


OxUtoOxIC 


GenCntStarfVa[ue[2.*0] 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 

units to count before event 


0x20 to 0x28 


GenCnlValue(2:0] 


3x32 


0x0000 
.0000 


Direct access to generic timer oounter regis- 
ters 


%JXZ\^ to UX34 


uencntunitSei[2:0j 


3x2 


0x0 


Generic counter unit select Selects the timing 
units used with con-esponding counter: 

0 - 1 (is putse 

1 - 1 0O ^s pulse 
2- 10 ms pulse 
3'pdk 


0x38 to 0x40 


QenCntAiito[2:01 


3x1 


0x0 


Generic counter auto re-start select When 
high timer automatically restarts, othenvise 
timer stops. 


0x44 to 0x4C 


GenCntEnaUe[2.D] 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 • Counter enabled 


OxSO 


GenCntUserModeEnable 


3 


0x0 


User Mode Access enable to generic timer 
configuration register. When 1 user access is 
enabled. 

Bit 0 - Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 - Generic timer 2 


0x54 


OebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim_cpu^data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PulseTImerStatus 


24 


0x00 


Cun-ent pulse timer values, and pulses 

6:0 - 1 us timer count 

7 - 1 us pulse 

14:6 - lOOus timer count 

15 -lOOus putse 

22:16- lOms timer count 

23 - 10 ms pulse 
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15.4,6. i Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim^cpujberr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from. In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUserModeEnable register. This can only be changed in supervisor data mode. If a partic- 
ular timer is granted user data access then all registers for configuring that timer will be accessible. For 
example if timer 0 is granted user data access the GenCntStartValuefO] , GenCntUnitSelfOJ, GenCn- 
tAutofOJ^ GenCntEnablefOJ and GenCntValue[0] registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 

Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reg- 
isters are accessable. All forbidden accesses will result in a bus error (timjopuJ>err asserted). 



Table 52. TIM supervisor and user access modes 









0x00 


WatchOogUnjtSel 


Supervisor data mode only 


0x04 


WatchtSogTimer 


Supervisor data mode only 


0x08 


Watch Dog 1 ntThres 


Supervisor data mode only 


OxOC-OxlO 


freeRunCount 


Supervisor data mode only 


0x14 


GenCntStartVafueCO] 


GenCntUserModeEnabTelO] 


0x18 


GenCntStarlValue[1] 


GenCntUserModeEhabre[1] 


0x1 C 


GenCntStartValue[2] 


GenCntUserModeEnable[2] 


0x20 


QenCntValue[0] 


GenCntUserModeEnable[0] 


0x24 


GenCntValuefl] 


GenCntUserModeEnablell ] 


0x28 


GenCntVaIue[2] 


GenCntU8erModeEnabi6[2] 


0x2C 


GenCntUnitSe([0} 


GenCntUserModeEnabte[01 


0x30 


GenCntUnitSel[1] 


G enCntUserMod0Enabie[1 ] 


0x34 


GenCntUnitSel[g 


G enCntUserMode£nable[2] 


0x38 


GenCntAiito[0] 


GenCntUserModeEnat)le(0] 


0x3C 


GenCntALrto(1] 


GenCntUserModeEnablell] 


0x40 


GenCntAuto(2] 


GenCntUserf^odeEnable(2] 


0x44 


GenCntEnabie[OJ 


GenCntUserModeEnable(0} 


0x48 


GenCntEnable(1] 


GenCntUserModeEnablell ] 


0x4C 


GenCntEnable[2] 


GenCntUserMode Enable[2] 


0x50 


GenCntUserModeEnabre 


Supervisor data mode only 


0x54 


DebugSelect 


Supervisor data mode only 


0x58 


PulseTlmerStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

16.1 POWERDpWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
crcd down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 

For the puxpose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine Pipeline Subsystem 
\dvciion v) 


CDU 


CFU 




LBD 




SFU 




TE 




TFU 




HCU 




DNC 




DWLT 




LLU 




PHJ 


CPtf-DRAM (Section 1) 


ORAM 




CPU/MMU 




OIU 




TIM 




ROM 




LSS (nterfoce 


Comnia Subsystem (Section 2) 


USB 




ISl 




DMA Ctri 




QPiO 




PSS 




ICU 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the SleepModeEnable register. 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by the CPU. 

I If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode imtil a system level 

reset is initiated from the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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USB or ISI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit position requiring a reset The ResetSection register is self-reseting. 



16.2 Reset SOURCE 

The SoPEC device can be reset by a number of sources. When a reset from an internal source is inflated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required. 

1 6.3 Clock relationship 

The crystal oscillator excites a 32MHz ciystai through the xtalin and xtalout pins. The 32MH2 output is 
used by the PLL to derive the master VCO frequency of 960MHz. The master clock is then divided to pro- 
duce 320MH2 clock (clk32Cf), 160MHz clock {clk260), 106MHz clock (clklOS) and 48MHz iclk48) clock 
sources. 

The phase relationship of each clock from the PLL will be defined. The relationship of internal clocks 
clk320, clkI06, clk48 and clkl60 to xtalin will be undefined. The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the output of the 
clock block, the skew between eachpclk domain (pclk_jection[3:0J and Jclk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-type flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 
domains. 

The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered as3nichronous. 
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i3 



There is no skew requirement between the pclk domains and tiie docik and phidk domains, they are con- 
sidered essentially asynchronous to each other. 



1.04ns 



PLL Master Clock 



firiMUUinjinnniiiinjuiiMiJ^ 



clk320 



dodk 



clkieo 



pdk 
jdk 



phfdk 



Clcd20 PLL p«>ftfte shift 



, ^ H docfk insertion delay 



J 



^ ►! clki eo PLL phase aWft 

—I n. 



1 r 



cUn 06 PLL phase shift 



i-j — L_r 



1 f 



1 



j4 -H phicfKinsenlon delay 

Figure 53. SoPEC clock relationship 



J — L. 



16.4 Implementation 
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16.4.1 Dennitionsof I/O 

Table 54. CPR I/O definition 











Clocks and Resets 


xtalin 


1 


In 


Crystal input, direct from lO pin. 


xtaJout 


1 


Out 


Crystal output, direct to tO pin. 


pcik_s6Cti'on[2:0] 




Out 


System docks for each section 


phidk 




Out 


Pnnthead intarface dock (dodk/3} for the PHI bk>ck 


doclk 




Out 


Data out dock (2x pdk) for the PHI block 


jclk 




Out 


Gated versk>n of system dock used to dock the JPEG decoder 
core in the COU 


usbdk 




Out 


USB dock at 3 times the crystal input frequency, nominally at 46 
Mhz 


Jdk.enable 




In 


Gating signal torjdk. 


reset_n 




In 


Reset signal from the issei^n pin 


usb_cpr_re5eC.n 




In 


Reset signal from the USB t)lock 


isi_cpr_reset_n 




In 


Reset signal from the ISI t>lock 


t»njcpr_reset_n 




In 


Reset signal from watch dog timer. 


pr8t_n_section(2:0] 




Out 


System resets for each section, synchronous active tow 


phirst_n 




Out 


Reset for PHI block, synchronous to phidk 


dofst.n 




Out 


Reset for PHI block, synchronous to ddcMc 


jrsUn • 




Out 


Reset for JPEG decoder core in CDU bfock, synchronous to jctk 


usbrst.n 




Out 


Reset for the USB block, synchrorKKJs to usbdk 


Test Input 


test.dk 




In 


Test dock direct from external ptn, for use in production test (scan 
test) 


test_enabte 




In 


Test enable. Direct from external pin. When high production test . 
mode is enabled. 


CPU Interface 


cpu_adft32] 


2 


In 


CPU address bus. Only 2 bits are required to decode the address 
space for the CPR bfock 


cpu_dataout[31:0] 


32 


In 


Shared write data t>us from tfie CPU 


cpr_cpu.data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu^nivn 


1 


In 


Conrvnon read/hot-wrfte signal from the CPU 


cpu.cpr.sel 


1 


In 


Bfock select from the CPU. When cpu.cpcsef is high both 
cpLLadrand cpULdataouf are valid 


cpr_cpu_rdy 


1 


Out 


Ready signal to the CPU. When cprjcpujrxty is high it indfoates 
the last cydo of the aocess. For a write cyde this means 
qpi(.dataot/f has been registered tiy the block and for a read cyde 
this means ttie data on cprjcpu^data is valki. 


cpr_cpu_ben' 


1 


Out 


Bus error signal to the CPU indicating an invafid access. 


cpu.aoode[1 :0) 


2 


In 


CPU Access Code signals. These decode as folfows: 

00 • User program access 

01 • User data aocess 

10 - Supervisor program access 
11- Supervisor data access 


cpr_cpu_debU9_valid 


1 


Out 


Debug Data valid on cpr^cpujdata bus. Active high 
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Table S4. CPR I/O definition 











MisceJIaneous 


pwr_8leep_mode[2.*0] j 3 


1 Out 1 Steep mode section select 







16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr_pcu_data. Table 55 lists the configuration registers in the CPR block. 

The CPR block will only allow supervisor data mode accesses (i-e. cpu_acode[L'0] « 
SUPERVISORJ>ATA ). All other accesses will result in cpr^cpujberr being asserted . 



Table 55. CPR Register Map 







m 


Iter! 




0x00 


SleepModeEnabCe 


3 


0x0 


Sleep Mode enable, when high a section of logic 
has is powerdown. Each bit controls a sectton 


0x04 . 


ResetSrc 


4 


0x0^ 


Reset Source register. Indicating the source of 

the last reset 

Bit.O - External Reset 

Bit 1 - USB wakeup reset 

Bit 2 • ISi wakeup reset 

Bit 3 - Watchdog timer reset 


OxOS 


ResetSection 


3 


0x7 


Active-low synchronous reset for each section, 
self-resetting. 


OxOC 


DebugSelect 


6 


0x00 


Oetiug address select. Indicates the address of 
the register to report on the cprjcpu^Oata bus 
when ft Is not othen^se being used. 


PU. Control (Asynchronous reset registers) 


0x10 


PLLTuneBit3 


10 


Ox23E 


PU. tuning bits 


0x14 . 


PLLRangeA 


4 


OxF 


PLLOUT A frequency selector (defaults to 
600Mhzto1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PU.OUT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMuttlpUer 


5 


0x25 


PLL multiplter selector, defaults to /efe//rx 20 



a. Reset value depends on reset source. External reset shown. 
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1 6.4.3 CPR Sub-block partition 



tes^enabld- 
tast-dk- 



Clock Generator 



xtaOn 



xtaJout 



test-enable 



Jcfk_ena«e 



pwr^sJeep.mode^ 




usb_cpf_r«seun 
isi_cpf_raset.n 
timjcprjesocn 



Clock driver 



Figure 54. CPR block partition 
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J3 



16.4.4 Sync reset 

The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 

I 



pdk I 
reset_dom 

prst_n 



1 



J 



resecdom - 



aynOuontzoT 



>m 
T 



Figure 55. Reset synchronizer logic 



1 6.4.5 Reset generator logic 

The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values {reset^ection_n\ the external reset (reset_n\ watchdog timer reset {tim_cpr_reset_ri) and 
resets from the SCB block {isi_cpr_reset^n^ usb^t^r,jreset_n). The reset direct from the lO pin {reset jn) is 
synchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset eveiything except its own section (section 2), this allows data to be stored 
in the PSS block for use after a SCB powerup initiated reset 

Tabfe 56. Reset domains 







reset_dom(0} 


ck>c(k domain 


reset.dom(1] 


phtdk domain 


reset_dom(2] 


usbdk domain 


reset_dom[3) 


Section 0 pdk domain 


reset_<loni[4] 


Section 1 pcfk domain 


reset_<Jom[5) 


Sectton 2 pclk domain 


reset.dom(6] 


jdk domain 



The logic is given by 

if (reset_n == 0> then 

re6et_do2n(6:0] - 0x00 // reset evesrythlng 

reBet_src(3:0] = 0x01 
elslf (U8b_cpr_reset_n 0) then 

reset_dom(6:0] = 0x20 // all except coimns domain 

reset_src (3:03 » 0x02 
els if (ifii_cpr_reset_n «« 0) then 

reset_dO2n[6:0] = 0x20 // all except cosms domain 

re8et_src[3 :0] » 0x04 
elsif (tiiiL.cpr_reset_n =« 0) then 

reset_dain[6:0] = 0x00 // reset everything 

reset_src[3:0] = 0x08 
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else 

// propagate resets from reset section register 

reset_doxnt5:03 - 0x3 F 

if (reset_fiection_n (0) == 0) then 

reset_domt3) = 0 
if (reset_section_nf 1 ] == 0) then 

reset_doinf 4 J = 0 
if (reset_section_n(2] == 0) then 

reset„dom[5] = 0 



The gate enable logic is a combinational logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable (gate_domain) is generated based on the configured sleep_mode_en and 
the internally generated jclk_enable signal. 

The logic is given by 

// clock gating for sleep modes 
gate_doin(5:3) = 0x7 // default to on 
for (i=0 ;i < 3 ; i*+) { 

if (sleepjnode_enti) == 1) Chen 
gate_dom(i4-3] = 0 
pwr.sleep.;node(i) 1 

} 

// jclk and remaining 
gate_dozn[2 :0) = 0x7 
gate_dom{6] = jclK^enable) 



The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated. 



16.4.6 Gate enable logic 



1 6.4.7 Clock gate logfc 



gate.dom 



gate.dom.retimed' 



gate_dock 



gate.dom- 



gate.dom.retimed 




Oate^clock 



src_clk' 



Figure 56. Clock gate logfc diagram 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2S Nov 2002 
Page 174 



SoPEC : Hardware Design 



16.4.8 Clock generator Logic 

The clock generator block contains the PLL. crystal oscillator, clock dividers and associated control and 
. test logic. The PLL VCO frequency is at 960Mh2 locked to a 32 Mhz refclk generated by the crystal oscil- 
lator. In test mode the xtaiin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 



Xtaiin — 
xtalout <4- 



Crystai 
Oscillator 



refclk 



pILrange^a 
pU_fange_b 
pILmultplier 
pU_tune 



prst_n 




►cJk320 
►dk160 
fdkioe 



»cik46 



Figure 57. PLL and Clock divider logic 



i €.4.8,1 dock divider A 

The clock divider A block generate the 320Mh2. 160Mh2 and 106Mhz clocks from the input 320Mhz 
clock (plJ^outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst_n sig- 
nal. The divders are enabled only when the PLL has acquired lock as indicated by the piljodc signal. 



16.4.8.2 Ciodc divider B 

The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (pil^outa) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst_n signal. The divders are enabled- only 
when the PLL has acquired lock as indicated by the plljock signal. 
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17 ROM Block 



17.1 Overview 

The ROM block internees to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unaibitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM*s 300mm ECID macro is to be used to implement the ChipID and this offers 1 12-bits of laser fuses. 
The exact number of fuse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipID/NJ registers which are readable by the CPU in supervi- 
sor mode only. 

17.2 Boot OPERATION 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to.be freshly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-1 hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stored in the PSS by the 
CPU prior to entering sleep mode. The SHA-1 value stored in the PSS is calcul^ed by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-l digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

If (ResetSrc 1) then // Reset: was a power-on reset 

conf igure.sopec // need to configure peris (t;SB« ISI. DMA, ICU etc.) 
// otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE: wait until IrqSemaphore 1-0 //i.e. wait \intil an interrupt has been serviced 
i£ (IrqSemaphore se DMAChanOHsg) then 

parse_insg(DMAChanOMsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming the DMAChannell registers 
elsif {IrQSemaphore DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal (ProgramLocn. ProgramSize) 

if (ResetSrc == 1) then 

ExpectedHash *= sig^decrypt (Programs ig) 

else 

ExpectedHash = PSSHash 
if {ExpectedHash == CalculatedHash) then 

jinp(PrgramLocn) // transfer control to the downloaded program 
else 

send__host_msg ( 'Program Authentication Failed*) 
goto PAUSE; 

elsif (IrqSemaphore timeout) then // nothing has happened 
if (ResetSrc 1) then 
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sleepjnodeO // put SoPEC into sleep mode to be woken up by USB/ISl activity 
else //we were woken up but nothing happened 
reset_sopec (PowerOnReset) 

else 

goto PAUSE 

The boot code places no restrictions on the activity of any programs dovsmJoaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it arc from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIld (see section 
12.7 for a description of the ISFId) in a multi -SoPEC system. Sec the "SoPEC Security Overview" docu- 
ment [9] for more details of the SoPEC security features. 

17.3 Implementation 

17.3.1 Definitions of I/O 



Table 57. ROM Bfock I/O 







Clocks and Resets 


prst.n 


1 


In 


Global reset. Synchronous to pc(k, active low. 


pdk 


1 


Jn 


Global dock 


CPU Interface 


cpu_adr[15:2] 


14 


In 


CPU address bus. Only 14 bits are required to decode the address 
space for this block. 


rom_cpo_dataI31 


32 


Out 


Read data bus to the CPU 


cpu.nvn 


1 


In 


Common read/not-write signai from the CPU 


cpu_acbde(1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User progmm access 

01 - User data access 

10 - Supervisor program access 
11. Supervisor data access 


cpu_rom_sel 


1 


In 


Block select from the CPU. When cpa.nam.se/ is high cpu^adr ta 
valid ~ 


«>m_cpu_rdy 


1 


Out 


Ready signai to the CPU. When fVfn_<^_nfy iz high It indicates 
the last cyde of the access. For a read cycle this rneans the data on 
romjcpujOata is valid. 


rom_cpu_berr 


1 


Out 


ROM bus error slgnaJ to the CPU indicating an invalid access. 



17.3.2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpuj2code[l:0] = 1 1). All other accesses of tiie FuseChipID registers will result in 
rom_cpuJ)err being asserted The ROM block allows aU read accesses to the ROM itself (i.e supervisor or 
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user, data or program accesses). The CPU subsystem bus slave interface is described in more detail in sec- 
tion 9.4.3. 

Table 58. ROM Block Register Map 















0x8000 to 
0x6004 


Fu$eChlplO(N] 


32 


nfSL 


Value of corresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 



IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used unless some implementation issue 
requires the high performance version. Both versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for tiie ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1 .4.3. 



ROM Macro 
4096x32 



IBM 300mm ECID macro 



F^^OOO 



Fuseool 
— ^ — 

u 

k 

*t 

N 
N 

Fuscni 



rom__adr 



fuse_data 



12/ 



fuse_.reg_adr 













rom.data 


32/ 





CPU Bus 
Interred 



4- 
















► 


*- 


► 



cpu_adr 

rom_cpu_data 

cpu.fom_sel 

cpu_rwn 

rom_cpu_fdy 

cpu.acode 

fon\.cpu_berr 



Figure S8. Sub-block partition of the ROM block 

17.3.4 Sub-block signal definition 

Table 59. ROM Block Internal signals 









Clocks and Resets 


pret_n 1 


^ 1 


Global reset. Synchronous to pdk, active low. 
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Table 59. ROM Block Internal signals 









pdk 




1 Global dock 


Internal Signals 


ron\.adrt11:0] 


12 


ROM address bus 


rom_sel 


1 


Select signal to the ROM macro instnicting it to access the k>cation 
at rom_adr 


rom_oe 


1 


Output enable signal to the ROM block 


fom_data(31:0l 


32 


Data bus from the ROM macro to the CPU bus interface 


iorn.dvaIId 


1 


Signal from the ROM macro indk^atlng that the data on roimLdata is 
valW for the address on rom^adr 


fuse_data(31 :0J 


32 


Data from the FuseChiptD[N] register addressed by fuse_reg^adr 


fuse_refl_adf(1:03 


2 


Indrcates which of the FuseChipID re^sters is being addressed 
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18 Power Safe Storage (PSS) Block 



18.1 



Overview 



The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
device is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
to survive sleep mode (e.g. configuration details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
times. 

Prior to entering sleep mode the CPU should store all of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to deteimine which reset source catised the wakeup. The reset source infonnation indicates whether 
or not tfie PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
updated) then this is simply achieved by initiating a full software reset. 



The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS.base through to PSSJbase+0x7F in the address map. The PSS block will only allow read or 
write accesses with supervisor data space permissions (i.e. cpu_acode[l:OJ = 1 1). All other accesses will 
result in pss_cpujberr being asserted. The CPU subsystem bus slave interface is described in more detail 
in section 11.43. 



18.2 



Implementation 
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18.2.1 Definitions of I/O 



Table 60. PSS Block I/O 











Clocks and Resets 




1 


In 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global dock 


CPU Interface 


cpu.adrC62] 


5 


in 


CPU address txis. Only 5 bits are required to decode the address 
space for ih'is biodc. 


cpu.dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


P8s_cpu_data(31 :0] 


32 


Out 


Read data bus to the CPU 


cpu^nvn 


1 


In 


Common read^t-wrtte signal from the CPU 


cpu.acodetl.-O] 


2 


In 


CPU Access Code signals. These decode as-foltows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

11 - Supervisor data access 


cpuj)ss.sef 


1 


In 


BFock select from the CPU. When cpu _pss_se/i3 high both cpu_adr 
and cpu_dataout are valid 


pss_cpu_fdy 


1 


Out 


Ready signal to the CPU. When pss^cpu^fxfyls high it indicates the 
last cyde of the access. For a read cyde this means the data on 

pss^cpu_cfata Is valid. 


pss_cpu_berr 


1 


Out 


PSS txis error signal to the CPU Indicating an Invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 Overview 



The Low Speed Serial Interface (LSS) provides a mechanism for the interna) SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus- 
CPU sub-system bus 



CPU 



LSS Master 
? 



SoPEC 

LSS bus Q 



GPIO 



LSS bus 1 



QA Chip 0 



QAChipl 



QAChip2 



QAChipd 



Figure 59. LSS master system-level interface 



19.2 QA COMMUNICATION 

The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bus. Data is trans- 
ferred to the QA chips via the lss_data pin synchronously with the Iss^clk pin. When the Iss^clk is high the 
data on Iss^data is deemed to be valid. Only the LSS master in SoPEC can drive die Issjclk pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-iq) bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 
I should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 

agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

I The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 

all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 

I mand or the occurrence of an error via an interrupt. 

19,2,1 Start and stop conditions 

All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60, a START condition corresponds to a high to low transition on 
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SI 



Iss^data while bs^clk is high. A STOP condition corresponds to a low to high transition on lss_jiata while 
lss_cik is high. 



Iss.data 



lss_c!k 



z 



V 



START 
CONDmON 



STOP 
CX)NDmON 



Figure 60. STAFIT and STOP conditions 



19.2.2 Data transfer 

Data is transferred on the LSS bus via a byte orientated protocol. Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit transferred. Each byte must be followed by an acknowledge bit 

The data on the Iss^data mxist be stable during the HIGH period of the lss_clk clock. Data may only 
change when lss_clk is low, A transmitter outputs data after tiie falling edge oflssjclk and a receiver inputs 
the data at the rising edge of lss_clk. This data is only considered as a valid data bit at the next lss_clk fall- 
ing edge provided a START or STOP is not detected in the period before the next Issjclk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the lss_data line (high) during the 
acknowledge clock pulse (ninth clock pulse). The receiver must pull down the lss_data line during the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61. The first byte sent by the LSS master after a START 
I condition is a primary id byte, where bits 7-2 form a 6-bit primary id (0 is a global id and will address all 

QA Chips on a particular LSS bus), bit 1 is an even parity bit for the primary id, and bit 0 forms the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
conunand to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the Issjdata line low synchronous with the LSS master generated ninth Issjclk, 



lss_dala /"bi(s7- bitO \ Ack / Ybite?- ^ bitO \ Ack j \ YAtO )( Nack \ \ f \ 

— • I «• II 1 I II I 1 11 I 

START IDbyicr?;!) R/W ACK DATA ACK DATA ACK STOP 

Rgure 61. LSS transfer of 2 data bytes 



19.2.3 Write procedure 

The protocol for a write access to a QA Chip over the LSS bus is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in bit 0 to indicate that the following command is a write to the primaiy 
id. An acknowledge is generated by the QA chip conresponding to the given primary id The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command See QA 
Chip Interface Specification for more details on the formal of the conunands used to communicate with 
the QA chip[8]. Note that the QA chip is free to 'not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this ciior. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



Byte a 



ByteM-1 ByteM 













s 


IDbyteT?:!} 


mi 


Oata(8} 


i 



Dau(8> 



Daa(8) I 



S = Stait condition 
A = Ack 
N=Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



19«2.4 Read procedure 



The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following command is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS 
master releases the Iss^data bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on die format of the commands used to communicate 
with the QA chip[8]. 




S = Stan condicion 
A^Ack 
N^Nack 
P - Stop ooxididon 
Shaded bits driven by slave 



Figure 63. Example of LSS read from QA Chip 
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19.3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as intemipts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
I to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 

ters. 



CPU 



i 



Low Speed Serial 
Interface 



32 



^ ^ ^ ^ 



oonfigurafion registers 



^22 



^3 / 



9' 



5x32 
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32 



LSS bus 0 
master unit 



a* 



16' 



IS 



y'22 



"3 y'4 
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i 

I 

5X32 y's ^32 
T T.. 



LSS bus 1 
master unit 



s 



GPIO 



ICU 



Figure 64. LSS block diagram 
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19.3.1 Definitions of (O 

Table 61 . LSS lO pins definitions 



Clocks and Resets 





1 


In 


System Clod< 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpti_nvn 


1 


in 


Common read/not-wiite signal from the CPU 


cpu_a<Jff7:2] 


5 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for this block 


cpu_dataoul(31:0) 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acodef 1 ] • User (0) / Supervisor (1) access 


cpu.IS8.8el 


1 


In 


Bk>ck select from the CPU. When cpujss^setls high both 
cpi(_ad!rand cpujdataoxit are valid 


lss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When lss^cpu_aiy\^h\^ it Indicates 
the last cycle of the access. Fdr a write cyde this means 
cpa.dataouf has been registered by the LSS block and for a 
read cycle this means the data on /ss_cpc/_<fata is valid. 


tes_cpu_befr 


1 


Out 


bus error signal to the CPU. 


l8S_cpu_data[31 .t>] 


32 


Out 


Read data bus to the CPU 


lss_cpu_debug_vafkJ 


1 


Out 


Active high. Indicates the presence of valkJ debug data on 
t$s_cpu_data. 


GPIO for LSS buses 


lss_gpio.do{1:0] 


2 


Out 


LSS bus data output 
Bit 0- LSS bus 0 
Bit 1 - LSS bus 1 


gpio Jss_di[1 :0] 


2 


In 


I.SS bus data input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


tes^io.e(1:0] 


'2 


Out 


LSS bus data output enable, acth/e high 
Bit 0 - LSS bus 0 
6ft 1 . LSS bus 1 


lss_gpto_cJk[1 :0] 


2 


Out 


LSS bus dock output 
8itO-LSS busO 
Bit 1 - LSS bus 1 


ICU Interface 


lss.icujrq[l:0] 


2 


Out 


LSS interrupt requests 

Bit 0 • interrupt associated with LSS bus 0 

Bit 1 < Interrupt associated with LSS bus 1 
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19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface. Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit legister 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS block. Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of Iss^cpu^data. 

The input cpu^acode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, ix. 
when cpujacode equals bll. If the current access is a supervisor data access then the LSS responds by 
asserting Issjcpu^rdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting lss_cpujberr for a single clock cycle instead of lss_cpu^rtfy as shown in section H .4 on page 69. 
A write access will be ignored^ and a read access will return zero. 



Table 62. LSS Control Registers 









m 




Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the LSS. 


0x04 


LssClockHighPeriod 


16 


oxooca 


High penod of /ss.ctfc expressed as a number of pdk 
cycles. Transmission over the LSS bus Is at a nominal 
rate of 400kHz, corresponding to a high period of 200 
pdk (1 60Mhz) cycles for a 50/50 duty cyde. 


0x08 


LssClodcLowPerlod 


16 


OxOOCS 


Low period of Iss^dk expressed as a numt>er of pdk 
cycles. Transmission over the l^S bus is at a rK>minal 
rate of 400lcHz« corresponding to a low period of 200 
pdk (1 eOMhz) cycles for a 50/50 duty cyde. 


LSS bus 0 registers 


0x10 


LssOlntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - oomnuuid oompieted suocessfutly 

Bit 1 • erfx>r during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 0 
Bit 2 • error during processing of command, 

not -acknowledge received after transmisskm 

of data byte on LSS kHis 0 
A 1 in a bit of i!toQ_silaftiS_5ef signal causes the corre- 
sponding bit in LssOlntStatus register to be set. 
Aa the bits In LssOtntStatus are cleared when the 
LssOCmd register gets written to, 
(Reed only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of the LSS bus 0 state 
machine. (Read only register). 
(Encoding will be specified upon state machine imple- 
mentation) 


0x18 


LssOCmd 


22 


0x00 
.0000 


Command register defining sequence ol events to 
perform on LSS bus 0 before interrupting CPU. 
A write to this register causes all the bits in the 
LssOintStatus register to be cleared as well as gener- 
ating a tssO_new_cmd pulse. 
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Table 62. LSS Control Regfsters 




0xlC-0x2C 



L880fi1b[4:0] 



5x32 



0x0000 
_0000 



LSS Data buffer. Should be filled wrth transmit data 
before transmit command, or read data bytes received 
after a valid read command. 



LSS bus 1 registers 



0x30 



0x34 



0x38 



0x3C-0x4C 



LssitntStatus 



LsslCurrentState 



LsslCmd 



Lss1Bufferf4.*0] 



22 



5x32 



0x0 



0x0 



OxOO_ 
0000 



0x0000 
.0000 



LSS bus 1 1nterrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of oommand, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not acknowledge received after transmisskxi 

of data byte on I^S bus 1 
A 1 in a bit of Iss1_statu$_set6\gn8\ causes the corre- 
sponding bit in LsslintStatus register to be set. 
Ail the bits in LssitntStatus are cleared wtien the 
LsslCmd register gets written to. 
(Read only register) 



Gives the current state of the LSS bus 1 state 
machine. (Read only register) 
(Encoding will be spedfied upon state machine Imple- 
mentation) 



Command register defining sequence of events to 
perform on LSS bus 1 before interrupting CPU. 
A write to this register causes all the bits In the 
LssitntStatus register to be cleared as well as gener- 
ating a fssl^new^cmd pulse. 



LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data t>ytes received 
after a vafid read oommand. 



Debug registers 



0x50 



LssDebugSel 



0x00 



Selects register for debug output. This value is used 
as the input to the register decode logic Instead of 
cp(JLad/f6:^ when the LSS t>lock is not being 
accessed t>y the CPU, I.e. when cpu^lss^seils 0. 
The output tss_cpu^debugLvaIld\& asserted to Indi- 
cate that the data on tss^cpu^Oata Is valid debug 
data. This data can be mutiiplexed onto chip pins dur- 
ing debug mode. 



19,3.2.1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and internet for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 



Some example commands are: 

• a single START condition (Start = 1 . IdByteEnable « 0, RdWrEnable = 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable = 0, Stop = 1) 

• a START condition followed by transmission of the id byte {Start =* 1 , IdByteEnable ' 
= 0, Stop = 0, IdByte contains primaiy id byte) 



\, RdWrEnable 
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• a write transfer of 20 bytes from the data buflfer (Start = 0, JdByteEnable ^ 0, RdWrEnable = 1, 
RdWrSense = 0, Stop = 0, TxRxByteCount = 20) 

• a read transfer of>8 bytes into the data buffer (Start « 0, IdByteEnable 0, RdWrEnable = 1, 
RdWrSense = 1 , ReadNack = ft = 0, TxRxByteCount = 8) 

• a complete read transaction of 16 bytes (^rorf^ lJdByteEnable= \, RdWrEnable ^ \, RdWrSense =\, 
ReadNack = /, Stop = 1, A/5>^e contains primary id byte, TxRxByteCount 16), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert arbitrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20*** 
and 21^ bytes sent It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 
erate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 
When interrupted by the LSS block to indicate successful completion of the command the CPU can then 
write the remaining 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes fh>m the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An internet to the CPU is generated for one cycle when any bit in LssNIntStatus is set. The CPU can read 
LssNIntStaius to discover the source of the interrupt and can clear a bit in LssNIntStatus by writing a I to 
the corresponding bit in LssNIntStatus registen Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 

Table 63. LSS command register description 



0 


Start 


When 1 , Issue a START condition on the LSS bus. 


1 


IdByteEnable 


ID tyyte transmit enable: 

1 • transmit byte in IdByta field 

0 ' Ignore byte in tdByte field 


2 


RdWrEnable 


Read/write transfer enable: 

0 - Ignore settings of RdWrSense, ReadNack and TxRxByteCount 

1 - if RdWrSense is 0. then perfonm a write transfer of TxRxByteCount bytes from the 

data tHJffer. 

if RdWrSertse is 1, then perform a read transfer of Tx^&yfeCoun/ fc>ytes into the 
data buffer. Each byte should be acknowledged and the last byte received is 
acknowledgedMo^ecknowledged according to the setting of ReadNack. 


3 


RdWrSense 


ReadAivdte sense indicator: 

0 -%vrite 

1 - read 


4 


ReadNack 


Indicates, for a read transfer, whether to issue an acknowledge or a not-ackrH>wledge 
after the last byte received (indicated by TxRxByteCount^, 

0 - issue acknowledge after last byte received 

1 * Issue not-acknowledge after last byte receh«d. 


5 


Stop 


When 1 . Issue a STOP condttton on the LSS bus. 


7:6 


reserved 


Must be 0 


15:8 


IdSyte 


Byte to t>e transmitted if idSyteEnabte Is 1 . Bit 8 corresponds to the LSB. 


20:16 : 


TxRxByteCount 


Number of bytes to be transmitted from the data txiffer or the number of bytes to be 
received into the data buffer. The maximum value that should be programmed Is 20, as 
the size of the data t>uffer is 20 bytes. 



The data buffer is impiemented in the LSS master block. When the CPU writes to the LssNBujffer registers 
the data written is presented to the LSS master block via the IssNJbujffer^wrdata bus and configuration 
registers block pulses the lssNJbuffer_wen bit corresponding to the register written. For example if LssN- 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietaiv Document 



J9 Nov 2002 
Page 189 



SoPEC : Hardware Design 



Buffer [2] is written to lssNJmffer_yv€n[2] will be pulsed When the CPU reads the LssNBuffer registers 
the configuration registers block reflect the IssNJmffer^rdata bus back to the CPU. 

19.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus 1. It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers.. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives b3rtes to or from the data buffer in. the same order. For example a transmit 
conunand 

For a transmit conwnand, LssNBuffer [0] [7:0] gets transmitted first, then LssNBuffer fOJf 1 5:8J, LssNBuf- 
fer[0][23:16]. LssNBuffer[0][31:24l UsNBuffer[I][7:0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fiUs data to the buffer in the same order. Each new command die 
buffer stait point is reset. 

Ail state machine outputs* flags and counters are cleared on reset. After a reset the state machine remains 
in the Idle state until lss_cmd_yaltd equals 1 . If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the CheckldByteEnable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the CheckldByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to tiie CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the MByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the byte is not-acknowledged, the state machine proceeds to the Generatelntermpt state and issues 
an interrupt to indicate a not-acknowlcdge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the conmiand is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1 , count is loaded with the value of the TxIbcByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the command is 1 or Oie TransmitByte state if the RdWrSense bit is 0. 

For a write transaction, the state machine keeps transmitting bytes from the data buffer, decrementing 
count after each byte transmitted, until count is 1. If all the bytes are successfully transmitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknowledges a tiansmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter* 
rupt state. 

For a read transacdon, the state machine keeps receiving bytes into tiie data buffer, decrementing count 
after each byte transmitted, until count is \. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte {i.c. when count is 1) the state machine checks the ReadNack bit 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelntermpt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelntermpt state. In both cases an interrupt is issued to 
indicate successful completion of the conunand. 

The state machine then enters the Idle state to await the next conunarid. 

The CPU may abort the current transfer at any time by performing a write to the Reset register of the LSS 

block. 
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19,3.3. 1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transniissioa» occur when the 
LSS master generates a falling and rising edge respectively on the data while the clock is high. 

In the GenerateStart state, lss_gpio_clk ts held high with l5s_gpiojs remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then Iss^gpioje is asserted and 
lss_gpiojdo is pulled low (to drive a 0 on the data line, creating a falling edge) with lss_gpiojclk remain- 
ing high for another LssClockHighPeriod pclk cycles. 

In the GenerateStop state, both lss_gpio_cik and Iss _gpio_do are pulled low followed by the assertion of 
iss^^io^e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, Iss _^io_jclk is set 
high. After a further LssClockHighPeriod pclk cycles, Iss^iojs is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 

f 9.3.3.2 dock puise generaUon 

The LSS master holds lss_^io_clk high while the LSS bus is inactive. A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding Iss ^io_clk low for LssClock- 
LowPeriod pclk cycles, and then high for LssClockHighPeriod pclk cycles. 

19.3.3.3 Data reception 

The input data, gpio_lss^di^ is first synchronised to the pclk domain by means of two flip*flops clocked by 
pclh The LSS master generates a clock pulse for each bit received. The output Iss^^io^e is deasserted on 
the falling edge of Iss^^io^clk to release the data bus. The value on the synchronised gpio_iss_di is s^- 
pled on the rising edge of lss_gpio_clk (the data should be averaged over a fiirther 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of lss_gpio^cik 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByie state, the state machine generates 8 clock pulses. On each rising edge of Iss ^^io^clk 
the synchronised gpiojss^di is sampled. The first bit sampled is Ls5NBvffer[Q]p]^ the second LssNBuf- 
fer[0][6}^ etc to LssNBuffefp>][0]. For each byte received the state machine either sends an NAK or an 
ACK depending on the command configuration and the number of bytes received. 

In the SendNack state the state machine generates a single clock pulse. Iss^gpio^e is deasserted and the 
LSS data line is pulled high externally to issue a not-acknowledge. 

In the SendAck state the state machine generates a single clock pulse. Iss _gpio_e is asserted and a 0 driven 
on Iss^gpio^do after lss_gpio_clk falling edge to issue an acknowledge. 

19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted. Data is output on the LSS bus on title fell- 
ing edge of iss_gpio^clL 

When the LSS master drives a logical zero on the bus it will assert lss,_gpio_e and drive ^0 on Iss _gpio_do 
after lss_gpio^clk felling edge. Iss^gpiojs will remain asserted and lss_gpio^do will remain low until the 
next lss_clk felling edge. 

When the LSS master drives a logical one bs^^io^e should be deasserted at lss.^io_clk falling edge and 
remain deasserted at least until the next Iss^io^clk falling edge. This is because the LSS bus will be 
externally pulled up to logical one via a pull-up resistor. 

In the Sendid byte state, the state machine generates 8 clock pulses to transmit the byte in the MByte field 
of the current valid command. On each falling edge of bs^gpio^clk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte[7J is driven on the data bus, on the second felling edge 
IdByte[6] is driven out, etc. 
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In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 
the transmit FIFO. On each falling edge of lss^io_clk a bit is driven on the data bus as outlined above. 
On the first falling edge LssNBufferfOJf7J is driven on the data bus, on the second falling edge LssNBuf- 
fer[0][6] is driven out, etc on to LssNBufferfOJp] bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
Iss^io^clk the synchronized gpiojss^di is sampled A 1 indicates an acknowledge and ack^detect is 
pulsed, a 0 indicates a not-acknowledge and nockjdetect is pulsed. 

f 9.3.3,5 Da^ rate control 

The CPU can control the data rate by setting the clock period of the LSS bus clock by progrsmming appro- 
priate values in LssClockHighPeriod and LssClockLowPeriod. The default setting for both registers is 200 
(pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 
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State machine outputs. Iss Jcu Jrq and 
LssStatusSet are zero unless otherwise 
incflcated. 



Reset OR prst n«.0 



^ Idre ^ 



tss new emrt«.l AND 

Standi 



^enerateStart^ 



Check N 
^dByteEnat>le^ 



tss_status_$et(ij = 1 
Issjcujrq « t 




RdVyfEnat?Tft=i ANP 
HdWrSensfl ^ Q 

count «TxRxByteCou n1 ^ 



RdWf gnablfl 1 AhJP 

RdWfSense g= 1 
count »TxRxByteCount 




StOOeaO 

i8S_status.5et(0] - 1 
lss_ictJ_iffq B 1 




Figure €5. LSS master state machine 
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DRAM Subsystem 



J3 



Doc: SoPEC_hardwarG_design 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 194 




SoPEC : Hardware Design 



20 DRAM interface Unit (DiU) 



20.1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the functionality of the DIU, this chapter provides a top-level 
overview of the memoiy storage and access patterns of SoPEC and the buffering required in the various 
SoPEC blocks to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best effoit accesses. The arbitra- 
tion scheme is fully programmable. 

The interface between the DIU and the SoPEC requesters is similar to the inter&ce on PECl i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data. 

• PEP (re)programniing commands. 

• Compressed pages containing contone, bi-level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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CPU sub-system 
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Figure 66. SoPEC System Top Level partition 
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20.2 IBM Cu-1 1 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 |xm class Cu-1 1 process. 



The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4), These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memoiy row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memoiy bank. In Cu-1 1» the maximum single 
instance size is 16 Mbit. The first 1 Mbit tile of each instance contains an area overhead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would toge&er consume 
an area of 14.63 mm^ as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm^. 

The instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 16 Mbit requires 8192 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 10 Mbit instances would require a refresh every 100 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memoiy bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 









Cornpressed page store 


2046 Kbytes 


Compressed data page store for Bi4evel 
and contone data 


Decompressed Contone 
Store 


108 Kbyte 


1 3824 Itnes with scale factor 6 = 2304 pixels, 

store 12 lines. 4 colors = 108 kB 

13824 lines wfth scale factor 5 « 2765 pbceis. 


Spot ftne store 


5.1 Kbyte 


l«90£*t a\IUa/lU19 SO O 11(169 IS 9.1 KO 


Tag Format Structure 


55 Kbyte (384 dot line tags e 
1600 dpi) 

1 2 Kbyte (2.5 mm tags Q 800 
dpi) 


55 kB in for 384 dot line tags 

2^ mm tags (1/101h Inch) @ 1600 dpi require 

160 dot lines s 160/384 xS5 or 23 kB 

2.5 mm tags 9 800 dpi requre 80/384 x55 » 

12 kB 


Oither Matrix store 


4Kbytes 


64x64 dither matrbc is 4 kB 
128x128 dither matrix is 16 kB 
256x256 dither matrix is 64 kB 


DNC Dead Nozzle Table 


1.4 Kbytes 


Delta encoded, (10 bit delta position 6 dead 
nozzle mask) x% Dnozzle 
5% dead nozzfes requires (10-f6)x 692 Dnoz- 
zles - 1.4 Kbytes 


Dot-line store 


319 Kbytes 


Assume each coior row is separated by 5 dot 
lines on the print head 
The dot line store will be 0+5+10... 50455 ^ 
330 haK dot lines * 48 extra half dot lines (4 
per dot row) s 378 half dot Bnes » 3l9Kbytes 


PCU Program code 


8 Kbytes 


1024 commands of 64 bits s 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (12 Kbyte TPS 
storage) 

2613 Kbytes (55 Kbyte TPS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blodcs will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written arc masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 



Table 65« Memory access patterns of SoPEC DRAM Requesters 











CPU 


R 


Single 256-bit reads. 






W 


Single 32-bit, 16-fait or 8-bit writes. 




w 


Single 256-bit writes. 




R 


Single 256-btt reads of the compressed contone data. 




W 


Each COU aooess is a write to 4 consecutive DRAM words in the same row 
but only 64 bits of each word are written with die remaining bits write 
masked. 

The access time for this 4 word page mode txfrst isS + l-t-l-flaG cycles 
if the page mode select signal is clocked at 320 MHz. 


CFU 


R 


Single 256 bit reads. 


LSD 


R 


Single 256 bit reads. 


Or W 


D 


Separate single 256 bit reads for previous and current line but sharing the 
same DID interface 




w 


Single 256 bit writes. 


TECTD) 


R 


Single 256 bit reads. Each read returns 2 tinies 128 bit tags. 


TE(TFS) 


R 


Single 256 bit reads. TPS is 1 36 bytes. This means there is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


^ngle 256 bit reads. 128 x 128 dither matrix requires 4 reads per line with 
dout>le buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single tuffiering. 

Oither matrices have start address, end address and line advance Incre- 
ment 


ONC 


R 


Single 256 bit dead nozzle tabfe reads. Each dead nozzle table read con- 
tains 1 6 dead-nozzle tables entries each of 1 0 delta bits plus 6 dead nozzle 
mask bits. 


OWU 


W 


Single 256 bit writes since enable/disable DRAM access per color plane. 


LLU 


R 


Single 256 bit reads since enable/disable ORAM access per color plane. 


PCU * 


R 


Single 256 bit reads. Each PCU command is 64 bits so each 256 bit word 
can contain 4 PCU conrvnands. 

PCU reads from DRAM used for reprogramming PEP should t>e executed 
with minimum latency. 

If this occurs between pages then there win be free t)andwidth as most of 
the other SoPEC Units wiii not be requesting from ORAM. If this occurs 
between bands then the LDB, CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare t)andwidth. 


Refresh 




Single refresh. 
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20.5 Buffering Required in SoPEC DRAM Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 
FIFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



ORAM 
Requester 


Direction 


Access patterns 


Buffering required In 
block 


CPU 


R 


Single 256-bit reads. 


Cache. 


W 


Single 32-bit writes but allowing 16-bit or byte 
addressable writes. 


None. 


SCB 


W 


Single 256-bit writes. 


Double 
2564)it buffer. 


CDU 


R 


Single 256-bit reads of the compressed contone 
data. 


Double 256-bit buffer. 


W 


Eacsh CDU aocoss is a writs to 4 oonsfictitiviB DRAM 
words in the same row but only 64 bits of each word 
are written with the remaining bits write masked. 


Doutile half JP£G tslock 
buffer. 


CFU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 




Sin ale 256 bit reads 


OoubJe 256-bit buffer 

^wUU4V b^V^VIi fc/UIICI. 


SFU 


R 


Separate single 256 bit reads tor previous and cur- 
rent line but sharing the same DIU inteiface 


Double 256^ buffer for 
each read channel. 


W 


Single 256 bA writes. 


OouUe 256-bit buffer. 


TE(TD) 


R 


Single 256 bit reads. 


Doutde 256-bit buflier. 


TE(TFS) 


R 


Single 256 bit reads. TPS is 136 bytes. This mecms 
there is unused data in the fifth 256 bit read. A total 
of 5 reads is required. 


Double Une-buffer for 1 36 
bytes implemented in TE. 


HCU 


R 


Single 256 bit reads. 126 x 128 dither matrix 
requires 4 reads per line with double buffering. 256 x 
256 dilher matrix requires 6 reads at the end of the 
line with single buffering. 


Configurable between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


DNC 


R 


Single 256 bit reads 


Double 256-bit buffer. 
Deeper buffering could be 
specified to cope with local 
clusters of dead nozzles. 


DWU 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-bit tHjffer per 
color plane. 


.LLU 


R 


Single 256 bit reads per enabled odd/even oolor 
plane. 


Double 256-bit buffer per 
color plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can oontedn 4 PCU oonv 
niands. Requested command is read from DRAM 
together with the next 3 contiguous 64-bit8 which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 

Table 67: SoPEC DIU Bandwidth Requirements 




SCB 



w 



780^ 



0.328 



0.328 



0.5 



COU 



W 



128(SF = 4),288{SF = 
6). 1 :1 compression^ 



32/n^ (SF==n), 
0.9 (SF = 6), 
2{SFa4) 
(1:1 compression) 



32/1 0-n^ (SF=n), 
0.09 (SF = 6), 
0.2(SFs=4) 
(10:1 compression)^ 



1 (SF=6) 
2(SF=4) 



For individual accesses: 
16cydes(SFs4).36 
cycles (SF s 6). nrcydes 
(SF=n). 

Will be impiemented as a 
page mode burst of 4 
accesses every 64 cycles 
(SF = 4),144(SF 
4*n2(SF=o)cycfes5 



64/n2 (SF=n). 
1w8(SF = 6). 
4(SF = 4) 



32/n2 (SF=n). 
0.9 (SFs6), 
2(SFs4)^ 



2 (SF=6) 
4 (SFB4) 



CFU 



32(SF = 4).48(SF=:6)^ 



32/n(SFs=n), 
5.4 (SFa6), 
8 (SF = 4) 



32/n (SF=n). 
5.4 (SF = 6), 
8(SF^4) 



5.5 (SF=6) 
e(SF=4) 



LBD 



256 (1:1 compression)^ 



1 (1:1 compression) 



0.1 (10:1 compression)" 



SFU 



W 



128^<> 



256' 



TE(TD) 



252« 



1.02 



1.02 



1.25 



TE(TFS) 



5 reads per line^^ 



0.093 



0.093 



0.25 



HCU 



4 reads per line for 128 x 
128 dither matrix^* 



0.074 



0.074 



O^ 



DNC 



106 (5% dead-rxizzles 
10-bit delta encoded)^^ 



2.4 (dump of dead 
nozzles) 



0.8 (equally spaced 
dead nozzles) 



2.5 



DWU 



W 



6 writes every 256^* 



LLU 



8 reads every 256^ 



PCU 



256 



18 



Refresh 



100 



ie 



2.56 



2.56 



2,75 



TOTAL 



SF = 6: 34 
SF = 4: 39-5 
exduding CPU 



SF = 6: 27,5 
SF =5 4: 31,2 
excluding CPU 



SF = 6: 35 
exduding CPU. 
SF= 4: 40.5 
exduding CPU 



Notes: 

1 : The number of allocated tameslots is based on 64 timeslots each of 1 bit/cycle but broken down to a granularity of 
0.25 bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At I :l compression CDU miist read a 4 color pixel (32 bits) every SF^ cycles. 
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4: At 10: 1 'average compression CDU must lead a 4 color pixel (32 bits) every 10*SF^ cycles. 
5: 4 color pixel (32 bits) is required, on average, by the CFU every SF^ (scale factor) cycles. 

The time available to write the data is a function of the size of the bufifer in DRAM. 1.5 bufTcring means 4 color pixel 
(32 bits) must be written every SF^ / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 
every SF^ cycles. 

Since 64 valid bits are written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF^ 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3 + 1 + 1 +1) equals 6 cycles. This means at SF, a set 

of 4 back-to-back accesses must occur every 4*SF^ cycles. This assumes the page mode select signal is clocked at 320 

MHz. CDU timcslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 

cycles. At SF6, 32bits every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwidth required at 10:1 compression is 0.1 bits/cycle. 

10: IWo separate reads of 1 bit/cycle. 

11:Writeatlbit/icycle. 

12: Each tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a noaximum rate of 256 bits 
every 252 cycles. 

13: 17 X 64 bit reads per line in FECI is 5 x 256 bit reads per line in SoPEC. Double-line buffered storage. 
14: 1 28 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles 10-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles are evenly spaced out. In practice dead nozzles are- 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 
16: 6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise the DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

18: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 
19: As an example assume refresh must occur every 3.2 ms. Refresh occurs row at a time over 5120 rows of 2 parallel 
10 Mbit instances. Each refresh tal»s 3 cycles. This is equivalent to a timeslot every 100 cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic topology 



Table 68. SoPEC OIU Requesters 







CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TE(TD) 






TE(TFS) 






HCU 






DNC 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read lequestm and 4 write requesters in PECl. Refresh is an ad<litional 
requester. 

In PECl , the interne between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in &e DIU accordixig to ^e aibitra- 
tion scheme, 

• separate 64-bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64^bit read bus from the DIU with separate enables to each DIU read requester. 

Timing closure for this bussing scheme was straight-forward in PECl . This suggests that a similar scheme 
will also achieve timing closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0.13 
um process with more metal layers and SoPEC will run at approximately the same speed as PECl . 

Using 256-bit busses would match the data width of the embedded DRAM but such laige busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buifers to match the 256-bit busses. These buffers, which must be implemented in 
fiip-fiops, are less area efficient than 8-deep 64-bit wide register arrays which can be used with 64-bit bus- 
ses, SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however simplify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7,1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus. 

20.7 J2 Making more efficient use of DRAIM bandwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actually do a 256-bit random DRAM access in the case of IBM DRAM. 
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20.7.2.1 Common read bus 



If wc have a common read data bus, as in PECl, then if we are doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclkj 
diu_data[63:0] ( 

rreq(n+l) 

creq(n+2) ' 

rreq(n+3) " 
rack(n+l) 

rack(n+2) 

rack(n-i-3) 



access n 



access n+l 



access n+2 



unused 
cycle 



unused 
cycJe 



access 



unused 
cycle 



J L 



J L 



J 



Figure 67. Shared read tnis wdth 3 cycle random DRAM read accesses 



20.7.Z2 Merfeavlng CPU and non^CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interieaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2.3 interleaving read and write accesses 

Having separate wiite data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective duration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation appro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



pclk 



|"Tjn-JXfijn_jT|xinjn_|n^ 



I Read access I Write access I . Read access I 
¥ M r >M : ► 



256-bit buffeiek write < 

for SoI^EC Unit n 




I 



diu_data[63:0j 



I 



256-bit buffefed write data 
for SpPEC Unit m 




Rgure 69. Interieaving read and write accesses with 3 cycle random DRAM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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20.7.3 Boawidths y 

Table 69. SoPEC DfU Requesters Data Bus Width 











CPU 


256 (separate) 


CPU 


32 (OPEN ISSUE) 


CDU 


64 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


L8D 


64 (shared) 


SFU 


64 


SFU 


64 (share<5) 


DWU 


64 


TE(TD) 


64 (shared) 






TE(TFS) 


64 (shared) 






HCU 


64 (shared) 






DNC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20,7.4 Conclusions 

Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interleaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 SoPEC DRAM ADDRESSING SCHEME 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Tlierefoie it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU whidi can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required. 

• CPU writes can be 8, 16 or 32-bits. The cpu_diu^wmaskfI:OJ pins indicate whether to write 8, 16 or 32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word. 
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20.9 DIU Protocols 



The DIU protocols are 

• pipelined i.c the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 



20.9.1 Read Protocol except CPU 



The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diuuicLta[63:0]. The 
read address <unit>Jtiujradr[2l:5] is 256-bit aligned. 

The read protocol is: 

• <unit>^diujnreq is asserted along with a valid <unit>_diujradr[21:5J, 

• The DIU acknowledges the request with diu_<unit>_rack The request should be deasserted The min- 
imum number of cycles between <unit>^diu^rreq being asserted and the DIU generating an 
diu^<unit>_rack strobe is 2 cycles (1 cycle to register tiie request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:0] and its validity is indicated by diu_<unit>_rvalid. 

• When four diu_<unit>_rvalid pulses have been received then if there is a further request 
<unit>_diu^rreq should be asserted again. diu_<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu^<unit> jrvalid pulse will occur 3 cycles after, 
diu_<unit>^ack (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
retumed from the DRAM). 



pclk 

<unit>_diu_rTcq 
diu_j<Unit>_rack 



<unit>_diu_radr[21:5] | j 
diu_<unit>_rvalid 



diu_data[63:0] f 



J 



Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



20.9.2 Read Protocol for CPU 

The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dnun_cpu_dataP55:0], The read address cpujadr[21:5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpujiiu_rreq is asserted along with a valid cpujadr[2l:5]. 
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The DIU acknowledges the request with diu^cpujxick. The request should be deasserted. The mini- 
mum number of cycles between cpujdiu^rreq being asserted and the DIU generating a, cpu_diu_rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13.6). 

The read data is returned on dramjcpu_data[255:0] and its validity is indicated by diu^cpu_rvalid. 
When the diu_cpu_rvaUd pulse has been received then if there is a further request cpujdiu_rreq should 
be asserted again. The diu_cpu_rvalid pulse will occur 3 cycles after rack (1 cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk 

cpu_diu_rreq 
diu_cpu_rack 



J — L 



qpu_adr(2l:5] | . | 
diu_cpu_rvalid 



dram-cpu_data[255:0] £ 



Figure 72. Read protocol for a CPU making a single 256-bit access 



20.9.3 Write Protocol except CPU and CDU 

The SoPEC write requestors, except for the CPU and CDU, perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>^iu_y^adr[2l:5] is 256-bit aligned. 

The write protocol is: 

• <unit>jdiu__wreq is asserted along with a valid <umt>_diuj^adrpj:5]. 

• The DIU acknowledges the request with diu_<unit>_wach The request should be deasserted. The 
minimum number of cycles between <unit>_diu^wreq being asserted and the DIU generating an 
diu_<unit>_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the aibitiation - 
see Section 20.13.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>^diu_dataf63:0J, asserting 
<unit>_diu_wvalid. Write data should be output as soon as possible after receiving the wack. Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu^<unit>_wach In the case of register array or SRAM access, the 
first <unit>_diu^wvalid pulse will occur 2 clock cycles after diu_<unit>jwach 

• Once all the write data has been output then if there is a further request <unit>_diu_wreq should be 
asserted agaia 

A timeout mechanism will be implemented to ensxire that the DIU will not lock-up if four 
<unit>udiujwvaiid pulses are not provided. 
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pclk 

<uiiit>_diu_wreq 




<imit>.diu_wa<ir[2l:5] [ 



<iiu_<uiiit>_wack 



<umt>,diu_data[63:0] 1 . .| 1 J 2 | 3 | 4"T 

<Uiiit>_diu_wvalid I I 



Figure 73. Write Protocol shown for a SoP£C Unit making a single 256-bit access 



20.9.4 CPU Write Protocol 

The CPU perfonns single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the €pu^dataout[3l:0] bus. The write address cpu_adr[2l:0] is byte aligned. 

' The CPU write protocol is: 

• cpujdiu_wreq is asserted along with a valid cpujadrpi:0] and a write mask cpu_diu_wmask[1 :0J to 
indicate whether an 8, 1 6 or 32-bit access is required. 

• The DIU acknowledges the request with diu_cpu_wack The request should be deasserted. The mini- 
mum number of cycles between cpu_diu^wreq being asserted and the DIU generating an 
diu^cpu^wack strobe is 2 cycles (1 cycle to register the request, I cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycle following diujcpu^wack the CPU outputs the cpu_dataout[31:0j, asserting 
cpu_diu_wvaJid. Write data should be output as soon as possible after receiving the diu_cpu_w€ick. 
The earliest the cpu^diu^wvalid pulse can occur is in the first clock cycle after diu_cpu^w€ick. 

• Once the write data has been output then if there is a further request cpujdiu_wreq should be asserted 
agaiiL 
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pclk 

cpu_diu_wreq 




q)u_a<ir[2I:0] i • ; |; ; - . : 

q)u_diu_winask[l:0] j.. J| " > •;' ■ 



diu_cpu_wack 



qpu_dataout[31:0] [[T 

q>u_diu_wvalid | j 

Figure 74. Write Protocol shown for a CPU maidag an 8, 16 or 32-bit access 

20.9.5 COU Wnte Protocol 

The CPU perfonns four 64-bit writes to 4 contiguous 256-bit DRAM addresses with the first addiess spec* 
ified by cdu_diu_wadr[21:3]. The write address cdu_diu^wadr[21:3J is 64-bit aligned 

The write protocol is: 

• cdu_diu_wdata is asserted along with a valid cdu_diu_y^adr[21:3]. 

• The DIU acknowledges the request with diu^cdu^wack. The request should be deasserted The mini- 
mum number of cycles between cdu_diu_wreq being asserted and the DIU generating an 
diu_cdu_wack strobe is 2 cycles (1 cycle to register the request, I cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycles following wack the CDU outputs the cdu_diu_data[63:0], together with asserted 
cdu^diu_wvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdu_diu_wvalid pulse can 
occur in the clock cycle after diu^cdu_wack. In the case of register array or SRAM access, the first 
cdu_diu_Mfvalid pulse will occur 2 clock cycles afler diu_cdu_wack. 

• Once all the write data has been output then if there is a further request cdu_diu_wreg ^ould be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four cpu_diu_\walid 
pulses are not provided. 
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SI 



pclk 

cdu_diu_wreq 
cdu_diu_wadr[22:3] 
diu_cdu_wack 



cdu_diu_data[63:0] \_ 
cdu_diu wvalid 



J — L 



I 1 I 2 I 3 I 4 I 



Figure 75. Write Protocol sbown for CDU making four contiguous 64-bit accesses 
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20.10 DIU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec- 
tions. 

20.1 0.1 Tlmesiot based arbitration scheme 

Table 67 simimarised the bandwidth requirements of the SoPEC requestors to DRAM. If we allocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42.5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timeslot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pcik cycles to transfer the read data over the shared read bus. The 
timeslot rotation period for 64 timeslots each of 4 pclk cycles is 256 pcIk cycles or 1 .6 p5, assuming pclk is 
160 MHz. Each timeslot represents a 256-bit access every 256 pcik cycles or 1 bit/cycle. This is the granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timeslot to a requester a total of 64 times 5 configuration registers is required 
for the 64 main timeslots. 

Timeslot based arbitration works by having a pointer point to the current timeslot When re-arbitration. is 
signaled the arbitration pointer will advance to the next timeslot. If tfie SoPEC Unit assigned to the cunent 
timeslot is not requesting then the unused timeslot arbitration mechanism outlined in Section 20.10.4 is 
used to select the arbitration winner. 

The timeslot pointer advances when the DIU issues the next command to the DRAM. Each timeslot there^ 
fore denotes a single access. The duration of the timeslot depends on the access. 

If the SoPEC Unit pointed to by the current timeslot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timeslot 
pointer 









n-1 


n 


n+1 
















1 ^ 











Figure 76. Timeslot based arbitration 

20.10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred firom the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arijitrated 4 cycles in advance. The [to be included figure and 
CKpianation] shows why this is necessary. 
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i3 



Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration niles must be modified to initiate write accesses in advance.accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timcsiots in advance of the current timeslot pointer. . 



current timeslot 
pointer 



n+1 



timeslot lookahead 
pointer 



n+2 



Figure 77. Timeslot based arbitration with separate read and wtite pointers 
The following examples illustrate separate read and write timeslot arbitration. 
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Timeslot arbitzation order 



Actual timeslot order 



write 
latency 



Figure 78. Example (a), separate read and %vrite arbitration 

In Figure 78 writes die arbitrated two timeslots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79, Figure 80 and Figure 81. The actual timelsot order is always the 
same as the programmed timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown in Figure 78 and Figure 79. If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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Programmed timeslot oreder 



W 
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Timeslot arbitration order 
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Actual timeslot order 
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Figure .79. Example (b), separate read and write arbitration 
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Figure 80. Example (c), separate read and write arbrtration 



Doc: SoPEC_hardwarG_deslgn 
Version: 2.3 



S3 Proprietary Document 



J9 Nov 2002 
Page 215 



SoPEC : Hardware Design 



w 



w 



R 



W 



w 



w 



Programmed timeslot oreder 



Timcslot arbitration order 



Actual timeslot order 



initial write 
latency 

Figure 81. Example (d), separate read and write arfoftration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead pointers 
point to read or write accesses. 

To be checked and updated: 

Table 70: Arbitration with separate windows for read and write accesses 









read 


write 


Initiate read transfer. 


Initiate write transfer 


readl 


read2 


Initiate readl transfer. 


writel 


write2 


Initiate wrlte2 transfer. 


write 


read 


No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the timeslot lookahead pointer points to a write access then this access is initiated immediately, or 
immediately after the read access associated with the current timeslot pointer is initiated. 

When a write access is initiated the DIU will capttirc the write address and will do the DRAM write two 
tiemslots in advance when the associated write data has been tiansfered to the DIU. 

To be checked and updated: At initialisation, both pointers point to the first timeslot The lookahead 
pointer advances to the second timeslot and the third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer. Then both pointers advance in tandem. At each step, the 
rules in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 7S to Figure 81. 
CPU write accesses arc excepted from the lookahead mechanism 
Timing diagrams for these scenarios are shown in Section 20.13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timeslots. This is described in Section 20.10.5. 



20.10.3 Arbitration of CPU accesses 

The CPU can be allocated timeslots like any other DIU requestor. If CPU accesses are interleaved between 
the shared read bus accesses then the DIU timeslots will take 3 cycles as shown in Section 20,7.2.2, The 
timeslot rotation will be fester than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 7L This is the time between the CPU making 
a request to the DIU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71. Estimated CPU read access latency Ignoring caching 







register the CPU read 
request 


I cycle 


complete the arbitra- 
tion of the request 


I cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



* If the CPU, as is likely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so tiiat timeslots 
last 3 cycles. If the CPU access latency increases to 7 cycles then the CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore will reduce the number of DRAM accesses but not 
speed up any of those accesses. 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timeslots. 

This can be done by defining each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 

Table 72. Timeslot access times. 



CPU access + non-CPU access 


3 + 3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Tlmeslot access times. 









mmmmmmmmmm 


non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 


= 6 cycles 


Page mode select signal is clocked at 320 MHz | 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access require 9 cycles. 
CDU timeslots therefore take longer than all other DIU requestors timeslots. 

With a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF = 4 
operation, ignoring implementation pipeline latencies. 

For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bit5 each are defined allowing die CPU to get a maximum of cpu^timeshts 
in total^timeslots. A timeslot counter starts at totaljtimeslots and decrements every timeslot, while another 
counter starts at cpu^timeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before totaljtimeslots no further CPU accesses are allowed When the 
totaljtimeslots counter reaches zero both counters arc reset to their respective initial values. 

When cpu_timeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are sununarised in Table 73 with a nominal rotation period of 256 cycles. 



Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 









CPU Pre-access 

i.e. cpujtimeslots — totaljtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non«CPU. 

If CPU does not use a timestot then rotation Es Caster. 


Fractional CPU 
Pre-access 

i.e. cpujtimeslots < totaljtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot 






Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 








Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 

to shared read bus. 


Int^leaved 

l.e, cpujtimeslots ~ 0 


4 cycles 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.1 0.4 Sub-timeslots 

Lookirig at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of 1 bit/cycle or multiples thereof However, some of the requestors require much lower band- 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



52 Nov 2002 
Page 21 8 



SoPEC : Hardware Design 



width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bitycycle should be 
defined. 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
is nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timeslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 

Table 74. Sub-tlmesfot definition 




Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not 
Sub-timeslots are similar in all other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• unused slots are decided by the same unused timeslot allocation mechanism (Section 20. 10.5). 

• a timeslot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 



current timeslot 
pointer 



^ 


m 






n 


n+1 


n+2 
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sub4timeslot 





A 


r 








1 


2 


3 


4 




I 


2 


3 



SubStimeslot 



Figure 82. Example sub*timeslot allocation 

An example sub-timeslot allocation is shown in Figm« 82, 

Every time main timeslots m and n are accessed, the SoPEC unit pointed to by the pointer in sub4timeslot 
will win arbitration and the sub4timcslot pointer will advance. Similarly, every time main timeslots n^2 
andp are accessed, the SoPEC unit pointed to by the pointer in subStimesiot will win arbitration and the 
subStimeslot pointer Moll advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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Each SoPEC requestor has two associated bits, RoundRobinLevel indicates whether it is in level 1 or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 



Table 75. Round-robfn selection 









RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 


RoundRobinEnable « 1 


Level 1 


RoundRobinLevel = 1 


RoundRobinEnable = 0 


Not enabled 


RoundRobinEnable ^ I 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses. 

CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
I cycles. The write accesses which the CDU write could otherwise rQ)lace require only 3 or 4 cycles. 

Robin-robin allocations do not have CPU pre-accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced. If the unit 
pointed to in the level 1 round-robin is not requesting then the next units in the level 1 round-robin are 
examined. When a requesting unit is found this unit wins the arbitration and the pointer advances to die 
next unit. If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-iobin. 

Table 76. Write fpund-robin registers bit order 







CPU(W) 


0 


SC8 


1 


SFU(W) 


2 


DWU 


3 



20.1 0.6 Background refresh controller 

A backgroimd refiresh controller should be implemented that will issue a refresh and pause the timeslot 
rotator in case data is about to be lost This scenario will only occur in the situation that insufiEicient 
timeslots were allocated for refresh. 
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20.1 1 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 

20.1 1.1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means 1 or 2 timeslots can be removed to 
allow for implementation latency. Each timeslot wiD allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timeslot allocation in a rotation.. If units arc allo- 
cated more than 1 timeslot in a rotation then the gap between slots may need to be reduced additionally to 
allow for implementation latency* 

20.11.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is sufficient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that imused timeslot bandwiddi is 
available to them 

20.1 1 .3 Basing timeslot allocation on peak bandwEdths 

Since the embedded DRAM provides sufficient bandwidth to use 1 : 1 compression rates for the CDU and 
LBD, it is possible to simplify the main timeslot and sub-timeslot allocation by basing the. allocation on 
peak bandwidths. The only variable in determining timeslot allocations then becomes the scale factor. 

If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deierministically by adding some cycles to the print line time. 

20.1 1 .4 Adjacent timeslot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this opemtion is greater than the time between adjacent timeslots. Therefore 
adjacent timeslots shoiild not be assigned to a particular DIU requester because the requester will not be 
able to make use of all these slots. 

20.11.5 Line margin 

The SFU must output 1 bit/cycle to the HCU. Smce HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it The maximum stall can be estimated by the 
calculation: DRAM sendee period - X scale factor * dots used from last DRAM read for HCU line. 

Similarly, if the line length is not a multiple of 256-bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for ail DIU requesters to mask these stalls. 
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20.11.6 Example DIU programming 

A ftill exan^le to be worked out. 



J3 



Program Mainnmeslor and SubnTimesfot configuration registers (Table 82) for peak required bandwidths 
of SoPEC Units according to the scale factor used for the document. 

Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20-12 CPU DRAM ACCESS PERFORMANCE 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to DIU timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often the CPU can get access to DIU timeslots depends on the access type. 



Table 77. CPU DRAM access performance 











CPU Pre-access 


6 cycles 


Lower boimd (guaranteed 

bandwidth) is 

160 MHz / 6 = 26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Prcraccess 


6 cycles 


I^wer bound (guaranteed 
bandwidth) is 
(160MHz*N/P) 


CPU accesses precede a fraction N of timeslots 
where N = C/T. 
C = cpu_timeslots 
T = (otaljtimeslots 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF « 6, 28 timeslots available for CPU. 
At SF 4, 21 timeslots available for CPU. 



For CPU Pre-access and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk « 160 MHz. 

Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and pctk=: 160 MHz 









Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12cydes 


12 cycles 


CPU rate 


13.3 MHz 


13.3 MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimimi the 
CPU rate must reflect this. 
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Tabic 79 shows the average CPU access with 4 cycle DRAM access and pclk = 160 MHz. This will be a 
bursty access. 

Table 79, Average bursty CPU access with 4 cycle DRAM access and pclk^ 160 MHz 









•It-;,,;- \^ t. uiJiJtJii 




Timeslots left for CPU 


34,95 




Maximum wait Ibr tinseslot 


6 cydes 


12 cycles 


CPU rate 


20 MHz 


13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 
take 3 cycles rather than 4 cycles. This will mean that CPU slots will be avaUable more frequently and 
higher CPU performance is attainable. 
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20.13 Implementation 

The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification. 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 



SoPEC 
Units 









DRAM Access Unit (DAU) 





ORAM 


1 

1 


eDRAM 




Controlter 


1 






Unit 








(DCU) 


1 
1 








1 





Frgure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that die eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-11 embedded DRAM performing 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also supported. 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64>bit read data bus. 
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20.1 3.1 Definition of DCU lO 



Table 80. DCU Interface 





mmwr 




Clocks and Resets 




pclk 


1 


In 


SoPEC Functional dock 


prst_n 


1 


In 


Active-knv, synchronous reset In pdk domain 


Inputs from OAU 


dau.dcu_caxjavaO 


1 


In 


Signal Indicating a DAU command is avaited>!e i.e. 
dau_cmd_adn dau^cmd^iwn and dau^cmd^reffBSh are valid. 


dau_dcu_cmdadr(21 :S] 


17 


In 


Signal indicating the address fDr the DRAM access. This Is a 
256-bit aligned DRAM address. 


dau_daj_cmdrwn 


1 


In 


Signal indicating the direction for (he ORAM access (1=read« 
0=write)- 


dau_dcu_cmdrefresh 


1 


In 


Signal Indk^ting that a refresh command is to be issued. If 
asserted tfai/_cnMLadrand dlau.cmd.mn %vin be Ignored. 


daujdcu.wdata 


256 


In 


256-blt write data to DCU 


dau_dcu_wmask 


256 


In 


256^n write data n^iask to DCU 


dau_dcu_wvafid 


17 


In 


Signal rndk:ating valid write data and write mask. 


Outputs to DAU 


dcu_dau_cmdaoc8pt 


1 


CXjt 


Signal indk:ating that the DCU has accepted a vaik5 commartd 
from the DAU. 


dcu_dau_refr6Shcofnp!ete 


1 


Out 


Signal indicating that the DCU has completed a refresh. 


dcu.dau_rdata 


256 


CXjt 


2S6-bit read data from DCU. 


dcu_dau.jrvaGd 


1 


Out 


Signal indicating valid read data on dcu^rdata. 


Outputs to DRAM 




Inputs from DRAM 


1 1 1 
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20.1 3.2 Definition of DAU lO 



Table 81. DAU Interface 







\M 




Clocks and Resets 




pdk 


1 


In 


SoPEC Functional dock 


prst_n 


1 


In 


Active-low. synchronous reset In pdk domain 


CPU rhterface 


cpu_adr(9:2) 


8 


In 


CPU address bus. 8 bits are required to decode the 

address space for this block 


cpu_ciataout[31:0] 


32 


In 


Shared write data bus from the CPU 


diu_cpu jclata[3 1 :0) 


32 


Out 


Configuratk>n. status and debug read data bus to the CPU 


cpu_iwn 


1 


In 


Convnon read/not-wrtte signal from the CPU 


cpu_aoode[1:0] 


2 


In 


CPU access code signals. 

cpu^aoodefO] - Program (0) / Data (1) access 

cpu_acode[1 j - User (0) / Supervisor (1) access 

The DAU will only allow supervisor mode accesses to data 

space. 


cpu.dhi.sel 


1 


In 


Block select from the CPU. When cpu_diu^sefl9 high both 
cpt/_adtfrand cpujdataout axe valid 


dlu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu^cpu^rdyXs high it indi- 
cates the last cyde of the access. R)r a write cyde this means 
cpu^daiaouthas been registered by the btock and lor a read 
cyde this means the data on diujcpujdata is vafid. 


dru.cpu.berr 


1 


Out 


Bus error signal to the CPU Indicating an invaUd access. 


OIU Read Interface to SoPEC Units 


<unit>_diu_rreq 


1 


In 


SoPEC unit requests ORAM read. A read request must be 
accompanied by a v^d read address. 


<unit>_dlu_radr[21 :5J 


17 


In 


Read address to DIU 

1 7 bits Mride (256-bil aHgned word). 


diu_<unlt>_fack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unit> diu mdr 


dlu_data[63:0] 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-b(ts is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :126 of 256 bit word 
Fourth 64-bit8 is bits 255:192 of 256 bit word 


dram_cpu_data[255K)] 


256 


Out 


256-bit data from ORAM to CPU. 


diu_<untt>_rvalid 


t 


Out 


Signal from DIU telling SoPEC Unit that valkf read data is on 
the diujdata bus 


DIU Write Interface to SoPEC Units 


<unit>.diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A %vrite request must be 
accompanied by a valid write address. 


<unit>_diu_wadf(21 :5] 


17 


In 


Write address to DIU except CPU. CPU 
17 bits wide (256-bit aligned word) 


cpu_adr(21:0] 


22 


In 


CPU Write address to DIU 

22 bits wkje (S-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 
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Table 98. COU registers 



0x64 



•^pgOecTData 



0x68 



JpgOecPVatue 



t3 0x0000 



22 I OxOOLOOOO 



22.5,3 Typical operation 



^tl^oftheffnstaxBblockofthetestdata. 
put byte of each 8x8 block of test data. 
rL^^^ ^ P^rt - disp/ays OCT 

^ufor:)S.^^^^^ 

OeaxBna parameter bus which enables vartoul 

paranjeters used by the owe to be read. The dati 
««Utebte on the PVaJue port to for infoanatton oi^y 
anddoea not contain cont«»8ionalatbr the debtor 



^iL'iSbS'if-*^''^'' «^ '^^^'s* ««« the JPEG 

«he output JPEG 
halfttock douWe4Hrf«ere of the COU areSlI) 
^1!2.Eg1^;^**^ aiunal fean out^ from 

Bte 15-0 are JPEG decoder status outputs horn tha 
CS6150 (see Table 100 for description^,^"' 
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TTie CDU should oUy be started after the CFU has been started. 

Ames. Users theii set the CDU^sC^b^tT^^ ^^^^^ BuJEndBtocUdr iaA NtimBuC 

for the band has SnisSSng rS ^ ^fS^ST'^^ coato^ 
indicating that the n^noo. "T^ wiU be sem to the PCU and CPU 

band of contone data. '^"^ *e band is now fiee. Processing can now start on the n«rt 

forrestarting the CDU betw4«to»ds: ^ ^ NextBandEnable. There ar« 4 mechanisms 

^«^^e.. register. andsets>.fr:^^r^ 

«nt band A^Tthe^r^J^rSnt blTcn^^^ of the cur- 

aJ^adyUtheCDUstartsprocesSgtent^b^^^^ 
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Si 



22.5.4 Read control unit 



»s»by»™.f.^„„i^^^''J.^^'^^'-^/'^_^d a. COU should .h., b. 
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receiving the data fiom 2 D^Z^^lSfSS^biSl^", ^"^i^ " ""^'^ 

accesses to DRAM is described iT^tion^oo^ L ^ ^IZ ""^ timing for read 

by means of the state K^Tor' ^ at^eme^ 

it whether to attempt to n^ad ab^ oft^r^ SS^tte'Z'^'^^^^^ °° DoneBandbit to tell 
does nothing. When DoneBand is clLXTte mS .^?" set. the state machine 

up to 256-bits at a time while ^re^' ^ aS^St L^J p^o^i" 

knowledge about numbenj of bloclToJ^aS^^lor olJ^!/ > TJ^ "^^^ °° 

by consecutive reads from DRAir-^^^Z^^-^l"^^ ' ^ "'^^ 

.ieastat.hepe,.OKAM.eadband^^fL^E:?^^^^^^ 

t::^.:, Z^-^XZu in^'''^ ^^^^ ^ ^^^'^^ read access. ,t is 
diu_cdu^ut beinit as^Tted^ asserted. As each 64-bu value is returned, indicated by 
end_of_b^or^ ,s compared to both 

• If {curr__sottrce_adr,rd_count) equals end source adr ^-^ /• t v 

FIFO is 1 (to signify the end of the bandfA^Z^":^/™ endMand control signal sent to the 
is set The remS (iS, ^ iTtte SfSSr^"*"^ ^ ^-Wbit 

theFIFO. ^^'°"^'^*°"*«''^U»«»«no«d.i.e. they are not written into 

' ^^^t^tVdaS'to^SniC^^^^^ ^ '"^^ou^-^, then 

whether «-.^.«^?«^^Ss?etS ^^17^2^ T ^''^^"'""^ °" 

FIFO is 0. ^ '^-oj^oanastore. The end_ofJbemd control signal sent to the 

cwr jo«fnae_a<ir is output to die DIU as crficrfm^adh 

A count is kept of the number of 64-bit values in the FIFO wi,«,^ j 

0. data is written to the FIFO by asserti^Srr Ld^Si ts I and /gno/e_rf«te is 

inciemented. ^ assemng «/oWr. mAfifo_contents[3:0] aadJifojm-_adrp:OJ are both 

data fiom the HFO. NoS^^J^^ poSblf to b^^^ *o 
ister to 1. In this case data is sent Lctl7fi^m &e fifS to t^et^t?*^ ^^"^1^^ ^yP'^Pg 
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cau_dju_froq « 0 
Ignore^data « 0 

A 

^ reset ^ 



odu^dh 
Ignore. 



cdu_d{u_rreq « 0 
Ignofe.data ■ o 



Udlujreq.o ^ jjiT 



< 



> 



DonaBflmi ^ p 



odu_d{u.rreq «> 0 



req 



c 



gP CpntBfTlS /fiir. ftjyft - 1> 



odu_diuLjrreq « i 



ack 













l^noraLdataaO 







-{^ read ^ 



pdu.cfiu.rfeq « O 



RgurelOI. State machine to read compressed contone data 



22.5.5 Compressed contone FIFO 



^^Sefi ^ Sr'l'bU Sis."' '5*'/^'* -co^nodate two 256-bit accesses), 

ten to the WO^ti^^jS ^l^rf^^^^fi^f 

end of bond hit is 1 if dlYi th.^^H 7 "^f ^ ^ t '^'^ control unit The 

sion of the same. ^ "^uwjwiawwsteft register is also copied to an image ver- 
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■ FIFO (as an ad<faS effectlf^^^^^^ '"T'^'*. «^ ^^S^ 

tone data xnust be mor. than 4 x Sit 32 b^J. L^Jj^) " '^'^ '''^^ 

22.5,6 CS61 SO JPEG decoder 

Sg^c'^t^tl^^TS^:^^^^^^ of a mcHlified version of the An„hion CS6150 

the CS6150 JPEG dcco,i^'Z.Z.V.7r^f^^^^^^ MHi (Amphion have stated that 

which a gated venion of the systemTock ncik. *l T f °8y)- ^ « clocked by/ctt 

JPEG decoder on a single coIoVpi^-by pbc^ ba^^ * T^'^ " stalling^the 

the PixOutEnab input to the JPEG ^^ uT ^ °^ ^ ^ of output data is also providwl by 

WockboundaryanSisS^SiS^C^^Sr.:?^^^^^^ 

instead tied Ugh. ^ « employed and PixOutEnab is 

s^Tci^rr^f^^fi 

quantization tables. re*«taterval dSLT!^"^ bytestream contains data for the Huffinan tables 
^.JPEGbytestre^^raSy^^ 

fying the JPEG segments the decoder re-dir«:ts the ! • "gmenis. Alter idcnti- 

as appropriate. Any errors detected i^^T^^^.^ZSSP^.u^'' or processed 
s^ed^u^ifanetrorlsfoun^thedecor^^^t^^^ 

Lines (DNL) nurker at the e^d^^y^^SSr^^'lSLi jJpr'^' * ^^"^ ^"""^ 

^^^?So^Z^%^V:^^^^ ^Z:^-^ - ^« Of the 

length as this is a modifi^on to the^ * ^ " "^^^ o^'^'o^ 64k lines 

25S^s^rjrbein«i,:^i,^.?^ 

P«els in the correct color order. n.e data ^l:^ J^S^'fo^ l^f ° 
Tl« following subsections describe the means by wUch the CS61 50 internals can be made visible. 
22.5. 6. 1 JPEG decoder parameter bus 

mines which internal parameters^«|^!S on I J ^ k'"" (^/'gOecP^e) deter- 

the PValue pon does L contS^ ^^^JoTirS^^'^^ fy^SS)" '"^'^ '^^ '^"^^ ^ 



Table 99. Parametor bus definitions 




YMCU: number Of MCUs in Y direction of (he cum.ni 
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Table 99. Parameter bus deflnWons 



.... « 



0x4 



Cs0(7:0LTq0{1 .•0LV0f2:0] 



0x5 



Cs1(7:0LTq1(i:0LVir2:01 
.H1(2:0I 



Cs2[7:0LTq2Cl:0LV2(2:0] 
.H2I2:0] 



0x9 I CsV[15:0] 



OxA I ORj[i 5;0J 



OxB 



000_HMAX12:OLVMAXI2: 
OL MCUBLKI3:0LNSI2:0J 



XMCU: number of MCUs fn X Sfono^^ 



CsO: Identifier for the first scan component 
TqO: quantfealion latrfe identifier for the first scan compo- 

vllT^lT'"'''^"^ ^""^"^ '''' ^'"^ component 

Csl, Tql. VI and HI for the second scan cor^ponent 
VI. HI undefined if NS<2 



Cs3. Tq3, V3 and H3 for the second scan component ' 
V3, H3 undefined If NS<4 



HMAX: maidmal horizontal sampfing factor in fram^ 

VWAX: maxwial vertic^ sampling factor In frame 

l?m?ifr ^^'^'^^^^ 
NS: number of scan oomponenis in 



cumntscan, 1-4 



22.5.S.2 JPBGdecoOer status register 

The state register flags indicate the cumsM stale of the CS6150«n^ tuu 

ing the decoding process, the decompression pn^c«s 2 inr • ^ " 

sent to the CPU by assertine cdu i^T^^T^ the JPEG decoder is suspended and an intcmipt is 

the JpgDecSfatus register Tbc CSsS^^^ ?! f ^ '>y 
pm_;.or byasoft^^of thecSj. -SelSS S /"^c*" "^^"^ "^"8 the haid^ 
Wghto iiulicate an error conditioni2L^;;12le^^^^^ 

more errors. f i oaa unni uxc n«ct Start Of Image (SOI) without triggering any 

»d ^ -"^^o-*^ -''^-h'H the values of mo^. iOalnPr.,, Decl^ 



l^l^l^HT'^'''^^ agister definitions 




«he numb er Of quanfization table s def.n«H ,k./.,k..- 



. ws^imcvt, l uii/iapie. 

Set wtH>n an »noem,e<, Hufiman tab.e svm tK>l is ,«feranc«Ki durii^^-S^^ 
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Table 100. JPEG decoder status register definWons 



OlEnor 



HtEmor 



When the initaf setting for Ir^^ n^^J^ ,?^^'^'''^ ^ ^"^^ 
64kiines. "riageHoight is 0. This is to ailGw Images longer than 



Set when an invalid OHT segment Is detected 




OeclnProg 



JpglnProg 



225.7 Haff-block buffer interface 



to stall the JPEG decoder c^J^^^^nt^tai^v't^ ^^'^^^ ™' "^"^ ^"^"^ 
pixel). We provide a mechanism for i^G^^L^'^J '^"^ P***** ^ts per 

JpSM^taa is 1. The halM,lock buS^SJ. «Iecoder core by gatmg the dock to the core when 
half JPEG blocks to decw^o^TEG SL^ T ^ responsible forpioviding a set of double buffered 

DIUMCwritecontrolStrr^Lco^ill^t Ibft^^^ '^'^ ""^^ "^'^'^ to 

only a single color plane. Data exits X'^e ^S^'^^ ^ '"^ « " 

The half-block buffer interface therefore consists of 2 simtle JPEG l,»if ki„ u k «• 

combuiatorial logic, as shown in Figure 102 half-block buffers and some simple 



P««_out_vaMd 



jpQ.core.stan M 
icOcenabie '« 



P<xal_«fata 




>«aUJWocK_oK_K>.read 



e<<U_tfu_daia(63.-0] 



Figure 102. Block diagram of half-block buffer Interface 
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22.5.7.1 Half'block buffer select unit 



S3 



ihi. case each buffer U a half JPEG blS^^;2^SS^•4Tt^^ « hasbcen wrinen to. In 
single bit (^_buff) tb<, c^~^r Z^^^^ 

halfJ,locKok_to_read equals ^a^^ ^ ^ "L '"=f"' value 
Aj#_av«/VH.._A„^.Wheni^co«T^^^^ equals 
the production of pixels The dock Jc IJ^ JPEG decoder core is gated off so as to stop 

{/c/*_.;u.W. is the im.J^Tp^-;^^i^. " ^hea yc/*_e««6te is 0, ^^^A is 0 

p'^!^:^?:^-^^^:^^,^^^ is cleared, and r,_tuff,. inverted 

P«_«,r_v«/irfANDedv^th^io^ofwl^^ ^'^ ^J'^s 

ANDed with ni adv. orjPg-COre_stall. The output rd_en equals half_block_ok to \ad 



22.5.7.2 Contone plane buffer 



E«:t«)ntone plane buffer consists of two half JPEG block buffets 



as shown in block diagram fonn in Fig- 




od<4_diu_data(63»] 



Figure 103. Contono plane buffer interface 

Sc.'SlSt^^^i^^^^^ 

.stertn 64 bit quantities. Data isread^om^eseconTsrS^^j^^^ 
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22.5.8 Write control unit 



4 tine 



OnAM wordp 
DRAM ««ord |K4 



ORAM 



255 



JPEG block 0 
Ones 0 to 3 



.191 



JPEG block 1 
llnesOto3 



4 line 



ORAMvM9rtfp«4n 

ORAM word q 
ORAM wort q+4 




DRAMwofdq+4n 



JPEG Woden 
Pnesotoa 



JPEGWockO 
tines4to7 



JPEGWockl 
fines 4 to 7 



JPEGblockn 
Gne94to7 



255 




wor^ In one DRAM row. for a Single 
COU access to ORAM ^ 

OC'ColorX 

ly - Une Y or 8 bytes of a 8ne fai a JPEG Uook 



R9«~ 104. ORAM stooge arrangomert for a single fine of JPEG 8x8 block. In 4 colon. 

D^M°?.r^.^.ij^^^^ -ond 4 lines sepa«..y tn 

foUowsbeWandco^ponastotronlerj:^^;^!''^^^ 

blocK 0. color 0. line 0 in „o.<l p «-0. line 1 1„ p.^ ^^.^ 

lln. 2 .n wor<, p*2 Mta 63-0, line 3 i„ worl pO bfts 63 -0 . 
blocK 0. color 0, liae 4 in word , bits 63-0, line 5 in word ,.1 bits « 0 

Ixne 6 xn word ,.2 bits 63-0. line 7 in -ord^^a bite VsJo, 
blocc 0. color 1, line 0 in word p bits 127-64. li„, i i„ 

line 2 tn word pO bit- 127-64, xi„e 3 in word pO bfte " 7.«. 
block 0. color 1. line 4 in word <, bits 127-64. line S in word bit. 127-64 

ixne 6 xn word ,*2 bits 127-64, line 7 in wor^ ,0 bits 127.64. 
repeat for block O color 2, block 0 color 3 

etc. 
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the individual bit ,^te inpZ of ^ D^VL^'J'lTf^ be written are maSLd^ 

only 64 bits oat of the 256-bit access to^BAM^^^^^'^^ fro™ the CDU 

by the DIU. niis means that the decomp^co^o^iT? "i^^ write are maskec^ 

wntemasked accesses to4consecut>ve2SSS,S?H^^^^^ 

block to DRAM. Once the half-block bi^^^Z^ • * *° "^P* to write a half JPEG 

i^questsawriteaccesstoDRAMbi^^^rSr^"^^^ "^f" "'-"^ the state 
•ng to the &« 64-bit value to be written^T^u vXo^ ^r'^T^ ^l^"* '^'"^pond- 
access of 4x64 bits is issued by the CDU -^Ew^ u ^» '^•'it value in each 

foutth 64^it values). The state macbSe^e^^afJ^o^SelTa^^^ "f^"^ the second, third ^ 
a« a read of 4 64-bit values from the half-block b^er^tll^ acknowledge from the DIU before imtiat- 

the cdu^diu^data bus and should he v^tt^ to S^tSfi T^T*" *° « P^^ent in 

cleared and lwr_ha!fl>lock adr eStsd^^^ from 0 to 1 all counters and flags should be 

iTT output to DRAM 

correspoiufa to linenumber, onlv 
// issued for each DRwTac^ess ih.^ if 

cdu_aiu_«.a.t4..3, - color — l^J^':^:^]""'' 

if (half « 1) then 

^^^cdu.di^w.d.C« = „ = up..^.^...^.^ ^ ^^^^ 

c*.-«._^dr,„., . ^ ^ ^^^^^ 

// update half, color, block .r,H 

if <rd_«dv_hal£^iock »- irthe" ' t>KAM write Acces6 

if (half «= 1) then 
half = 0 

if (color == naxjjiane) then 
color c 0 

" pui:f w::d::^^r'^' wntm, . i,„e o^ ..^o hioc^s 

block = o 

if (upr_hain,l„e._a:: r^^^"^;^ ^^T hV""'"^ * 

upr.half block adr = buff start~«^ . w, 
elslf (upr_halfbIock adr f bl^c^/l'^'^'::'^ " ' 

^^^^^--^-:tfblock.adr-= ^uft^I^lllV " then 
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else "*"^-'»^">lo«'^»«»' • "Pr_halfblock_«dr * „««^block * 2 
block 

upr_half block adr +♦ // mA<»^ — 

else " "^^^ address for lines 4-7 for next block 

color 

else 

half = 1 

if (color max^plane) then 

if {block n»ax_block) then // end of writl™* - i- * , 

// end or wrxtlng a Ixne of «TPEG blocks 

// update half block address for 8tar^ «f 

else *" 

lwr_halfblock.adr - l«r_hal£blocK_«<Jr ♦ auu^block + 2 



else 

lwr_halfblock_adr 



// xnove to address for lines 0-3 for next block 
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odu.diu.wvaDdoO 
rdLadv-O 
Rf.adv_halfjbfock«o 



Resfl* OR pfst ft ^ n 
o<Ju^dru__wroq = 0 
ccfu_<liu„wvaKd « 0 
RLadv 0 
rd_a<^v_haff_block « 0 

reset ^ 



< 



idle 



c 



odU.diu_wvarid a o 
rd.adv « 0 

rOLaorv.halLblock « 0 



req 



c 



writer 1 rt M f > 

odu.dUi_%vreq « 1 
nUidv^ftalt.block»0 



ack 



c 



3 



cau_diu_wreq « 0 
cdu_cfiu.wvBitd«0 
n]_adtf « 1 



read 



c 



cdu_dlu_wreq»o 

rd.adv. i 
«l_a<Jv_half_b(ock - 



write I 



3 



CG(u_<fiu_«vreq « 
rtJ,adv_haif.beock 



0 

«1 



write2 



c 



cdu_dltj_wreq « 0 
rd_adv > 1 

nJ.advjaft.blook«1 



Odu_clio_wreq » 0 
odu_dni_wvalid « o 
(tl.aitVnO 

Rf.ady_haff.btock«o 



writes 



«lu_dlu,wreq « 0 
cdu^diujKwafid«t 
fd_adv«o 
«i.a**vjiaHLi)tock = 
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22.5.9 Contone fine store Interface 

The contone line store iBterfS^rov£,^e meLh^^^^^ *t "^"^ line-at-a-time. 

write to. Hus the size of the Une stoSin nlS^.S^ r""". ^DU to 

Une store interface is 8 lines. p^Sa a s^b^^^ ^ * • "^"^ of 

scheme while 16 lin^ pro.iili:2^^:S:st^,'^'^- ^"^ 12 lines for a 1.5 buffer 

set to the vahw of ««m buff -nJcnEr^^v n„^^ ^ transitions from 0 to 1. numjines_avail is 
available for 8 lines. i^^T^^lTt^fj^^'^^^ T'-'^ ^ «^ ^'^^ is space 

anting 8 lines, the v;rite con^^ ^^^Z-:^:^^^^^',^."^^.'^'' '^'^ ^ 
CFU. and man Jines avail is decremented^; V 
fi«.^i^_oJLro_H^retobesetiair^??isfLoLb^^^ ""'^ 

priatcly.and sends its own rdbrf./|?SitoAeSSS;^^^^^^ 
itfinish.readin.then.^^^:^?,'^^^,^- 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



color invereion in up to 4 color planes aSft^L^^^^^ ^^"^ '° °Ptio«aI 

fonned in the horiSntal and v^SS'^ii^i^^^^^cS? ^^''^^ 

printer resolutioa Non-integer scaline is^n^^L f° ""tP^t to the HCU matches the 

23.2 Bandwidth requirements 

tion is petfonned by the CFU Si^h^ernZSI?"^ Z^'" "^u"*^'**" 
DRAM. The HCU generates I dot fbi-Sin lif^w T ' f^"^*^ ^ Y-scale factor, from 
1 side per 2 seconds for full bleS A4Sr pr^J^^'S.r^P^^ ^ - P™t speed of 

color contone pixel (32 bits) J^SF^L^W^tJ^^r r^*^ ^"^'^ needs to be supplied with a 4 
fiom DRAM «a 5J3 bits/SS ^ith support for 4 colors at 267 ppi the CFU must read data 

23.3 Color space conversion 

S^eS^cotXTSnr^^^^^^ 

and K, directly represented by CMYX S W ^/ ^ '^"^ ^ M. Y. 

muIti-SoPEC priZ^ with exL col^ ' ""^ "«^<= gn«» etc. for 

^^^^'^^^'^S^^llV Jflity When luminance and chrominance 

luminance info^^ZTs^^^t^XZ^^^^fJ" be luniinaace. but C. M and Y each contain 
J^themeansbywhich^Sij-I^^^^^^ 

^pritir^c^^oJS^SS^^S 

to CMY Passion, the YCtCb data is obtained, then color converted to RGB. and finally back 

Sp^emraln ofC^:^^ ^^^<^^y ^ -tch the actual haMware 

are nonnalized to occupy Tl^lZr^lSl!^^^^ ^^'^ '''' ^'^^ ^' 

p'^^cJiTS ^n:^^zz:^'^^j - « y «ep to 

a«ine pnnters increase dieu- color gamut by including RGB inks as well as CMYK. 



1. 32 bite / 6 cycles = 5.33 bits/cycle 
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1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 colorplanesYCtCb. conversion to RGB 

• 4 color planes, no color space conversion 

23.4 Color space inversion 

Sii^rcJ^^^r^^^" 

may beusedtoproWdeplan^conSof^ii^'"^^^ *° ^ or to 

^ 'cf^S?.^^ ««^ion is given by the relationship: 

• M-255-G 

• Y = 255-B 

TlK»e jetatio^hips require the pa^ RIP to calculate the RGB fiom CMY as foUows: 

• G = 255-M 

• B=255-Y 

23.5 SCAUNG 

else 

count = count ♦ denominator 
advance = o 



23.6 



Lead-in and lead-out cupping 

Hia padding („„ pi,.„, »„, ^^^^ Jco-Sg of ffEo"J,^'^« 

block n below) will the last JPEoS^nltli^l^^^ T S^i^!"'^ °^ *^ ^ («*EG 
line printed by SoPEC «. P-u1?iL°^.Lt.^?k r^^fo^^^^^^ ^ 
ately setting the UadOutClipNum. Pixels in this JPEO Mn^T^T; ^ ^ r ''^ appropri- 

at the beginniae of each line Thenu«I!» ''3'^ destined for SoPEC #2 must be ignored 

It may also be the case that the CDU writi»« rtut n>c^ ui . 
as shown for SoPEC #2 belSJ.SSs^S^ ^ ^JS^S/^ " ^T^J^ 
spond to JPEG block m but the value fw^HZS 1 ^f^'^f* CDU is set to cone- 

block TT^ JPEG bJ^k « i^oT^t by tJf SJ;"^ - *e CPU is set to correspond to JPEG 



SoPEC «1 
lead-in area 



SoPEC «2 SoPEC #1 
leoa-^cx area ^ loadKMit aroa 



SoPEC #2 
Jeadoutarea 




SoPEC #1 prints left 
side of page 



SoPEC #a prints right 
side of page 



Figure 106. Lead-in and lead-out clipping of contone data In muiti-SoPEC envfronment 

^ng StScS'^^^^ - up to the pHnter-s resolution. T^. 

£en Jn^gister defines dieTiofte^^^^ S^^^orte c^^^^ ^tarltCount register. The HcuLine- 
trols the scaling of last valid pixel SKnf^^ '"^"^ "'^^''^ '^^^^^^^ 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



S5 



DRAM fnterfaoG Unit 



_ Contone 
Decoder Unit 



oontona buffer 



£ 



_wjtKiftr[t.boff 



decompressed wr^en.fd_e ii 



^ S^wr_gg»f1:0lfd_j9eq2.-01 



Y>scalfng 
oontrof unit 



K Cb ~Cf 

color space converter 
cp3 cp2 cp1 cpQ 



8 



."8 >e ,^8 



YCfCb2RGB 



invert-oolor jiane 



-6 



t: 

I 



IS 



oonfiguration 
registers 



output 
double-buffer 



8 



wr_buff.rd_buff 



4^ 



2^ wr_en, rtf ^ 



l6.f8 Jfa 48 /f3 

I 



^ ^ t 



^ RnsS ok 


^ 

to road 


1 ^' 

contone 
fine ^re 
interface 





X-Gcallng 
control unit 



>^8 ^^8 



Contone 
RFO Unit 



Halltoae/Compositor Unit 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 



i^^M t M^" ""^ description 



pdk 



prsLn 



PCU fnterface 



pcu_cfu_sel 



pcu_nvn 



_cftj-JXu^<lata[3 1«-0) 
DIU Interface 



h cfu^dlu^mdf(21 :51 



_gaj_data[ 63.-0] 
CPU interfaoT 



hcu_cftj_advdot 



cfu_hco_avaiI 



I System dock 



in 



System reset, synchronous acCve low. 



32 



Jn 



Out 



seJe« from the PCU. When pcu,ciu_seito high both 
pcu^adrand pcu_dataout are vana 



m^^SSS! '^•^"^-^-'^«3 high it indicates 

P^ <tete«/f has been regfeiered by the bfock and fora remS 
cycle this means the data on cfti_x>c«cdate is va lid. 
Read data bus to the PCU. 



64 



Out 



In 



In 



In 



^ — 

paced on the wMress bus. cfy_au_ra<ir. 



Out 



Write 8fine pulse, active htgh. Indicates Hut ttie CDU has fin- 
ishedwWnotoailnes of decompressed eontonea^^ 
o^bufbrlnDRAMandtheds.alsavan.bl^^'fSad^'tS^ 



««• CFV has finished 
readli^a ane of decompressed contone data to the drtTteT 
buffer m DRAM and that One of the tnrftert n free ' 



In 



Out 



tnlonrns the CFU that the HCU has captuied the pixel data on 
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23.7.2 



Configuration registers 

The configuration registers m the CFU are projnammed via the Prirint^^a/.- d-c. . 

£X.1^^ftLriS^^^^^ 

^w^. the lower 2 bits of the PCU addrerbus r'noTreq^^dVoYeTo^ra^rX^^^ 
oittsj Of cfit_pcu_data. The configuration registers of the CFU are listed in Table 102: ' 
Table 102. CFU reglstere 




ControJ registers 



I 0x00 
1 0x04 


Reset 


1 
1 


0x1 
0x0 


_ A wrrte to thte register causes a reset of the CFU. 

. Writing 1 to this register starts the CFU, Wrftino 0 to thts 
register halts the CFU. 

When Go is deasserted the state^acWncs go to tfieir 
die states but all counters and configuration reateters 
keep their values. 

When Go is asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they dont aet 
reset). 

The CFU must be started before the COU is started. 
This register can be read to determine If the CFU is run- 
ning 

(1 ' running. 0 - stopped). 


1 Setup resisters 








1 0x10 
I 0x14 


MaxBtock 


13 


0x000 


Number of JPEG MCUa (or JPEG bkKk equivalents Le 
8x6 bytes) in a line - 1. 




BufStartAdr 


15 


0x0000 


Poims to the start of the decompressed contone dmular - 
bufisr (n ORAM. aOgned to a half JPEG block boundary 
A half JPEG block consists of 4 words of 256-bit8. 
enough to hoU 32 contone pboels In 4 ookws. I.e. haff a 
JPEG block. 


1 0x18 


BuffEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer in ORAM, aHgned to a half JPEG bk}ck boundary 
(address Is indush^). 

A haff JPEG btock consists of 4 words of 256-bits. 
enough to hold 32 contone pixels in 4 colors, Le. half a 
JPEGbkx*. 


OxIC 


4LtneOffset 


13 


0x0000 


Defines the offset between the start of one 4 ane store to 
the start of the next 4 line store. In Rgure 108 on 
page 294, if eufStart4rfrcon'esponds to line 0 block 0 
then BuffStartAdr-¥ 4UneOffiset corresponds to line 4 
block 0. 

This register is required In addition to MaxBtock as the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks In a 
f ine written by the COU. 


0x20 


YCrCb2RGB 


1 


0x0 


Set this bit to enable conversion from YCrCb to RGB. 
Should not be changed between bands. 



— Page 292 



Table 102. CFU registers 



0x24 



InvertCotorPlane I 4 OxO 



0x2C 



0x34 



0x38 



0x44 



LeadtnCTipNum Ti OxO 



XstartCount j 8 



0x0000 



0x0 



XscaleNum 



_XscaleDenom 
YscaleNum 



YscaleOenom 



0x00 



0x01 



<»^ese bits to perfbrm bft-wfee Invoretono^ perooter 
plane basis. H^'wor 

bito - 1 1nvert cohr pfane 0 

- 0 do not convert 
biti - 1 invert color plane 1 

- 0 do not convert 
bft2 - 1 Invert color plane 2 

- 0 do not convert 
bits - 1 invert color plane 3 
StwHiid not be changed between bands. 



Huwber of oontone pixels - 1 in a line (after scaling). 
Equals the number of /lOi.cftctfotecA/' pulses - 1 
received from tfie HCUIbr each «ne of contone data 



Number of contone pixels to be Ignored at the start of a 
fine (from JPEG block 0 in a line). They are not passed to 
the output txiffer to be scaled tn the X direcfion 



Number of contone pixels to be Ignored at the end of a 
fine (from JPEG block MaxBkKkln a One). They are not 
passed to the output buffer to be scaled In the X direc- 
tion. 



Value to be toaded at the start of every Jlne Imo the coun- 
ter used tor scaling in the X dlrectton. Used to control the 
ecanng of the first pixel in a line to be sent to the HCU 
Thrs value will typicaOy be zero, except In the case wheVe 
a number of dots are dipped on the lead In to a line 



Denominator of oontone scale factor In X directio n. 
Numerator of contone scale factor in Y direction. 



OxOt I Denominator of oontono scale factor in Y directton. 



23.7.3 



Storage of decompressed contone data in ORAM 

256-bit DRAM access. mai ine ut* u reads 64-bits in 4 colors from a single line in each 
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4 line 
store 



ORAM wordp 
ORAM word P44 



DRAM 



JPEG block 0 
Knes 0 to 3 



4f«ie 
store 



DRAM«MHdp44n 

ORAM word q 
« 

DRAM word <|4^ 



ORAM word q44n 



JPEG WocK 1 
lines 0 to 3 



JPEGWockn 
BnesOtoa 



JPEQblockO 
lines4to7 



JPEG block 1 
lines4io7 



JPEG block n 
iines4to7 



255 



C3L0 1 C2Ln 


i CltO 


1 COLO 1 


C3i|l 1 C2L1 


1 C1L1 


1 C0L1 1 




♦ 

L C1L2 


1 C0L2 1 


C3^3j C5>^aj 




J.jQQLd 1 



255 



191 



127 ga 



C3^ i C2LS I C1L5 f cnt ^ 



C3Le I C2L6 I CiLft . riftiA 



C^7 I C2L7 I C1L7 t nnt y 



WDrdq 
wordq+1 
wofd<H2 
wordq^a 



ImpOes one 256 bit read of a woid in ORAM 



CX-CotefX 

LY - Line Y or 8 bytes of a line in a JPEG block 



Figure 108. DRAM storage anangement for a single line of JPEG blocks In 4 colors 

sequence, as diown in Figure 108, is 



The CFU reads data Une at a time in 4 colors from DRAM. The read 



line 0, block 0 in word p of DRAM 
line 0, block 1 in vrord p+4 of DRAM 

line 0, block n in word p+4a of ORAM 

(repeat to read line a number of times according 

line 1. block 0 in word p+1 of IM^AM 
line 1, block l in word p+5 of DRAM 
etc 



to scale factor) 



becomes available tr ^Tc^" ^teT ^ data that 4 line stote 

23.7,4 Decompressed contone buffer 
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23.7.5 Y-scalmg control unit 

DRAM in single 256-bit accesses. «ieivu,g tte^ fiiS^ Jf,n r "^.T"? '^'^ ^^"^ 

The protocol and timing for read acce^,^DR^^J^^^t°^w " ^^^^ 
-ccessestoDRAMatci.p.en.ntedb.„ea:^°fr^t:Llr^^^^ 

Jf-oyo_H.i.. flags to t.^it^?^i;t*^^^ 

Wh«. Iine8_oKjo^ is 0 Ae state nS 2.^otJ^/^nT^T°~*^ 

maclnne continues to load data into the d^am^«^^«^^^^ » tte state 

space available in the buffet to256-b^ 

A bit is kept for the status of each fi4«K;t Ki,^«.. i. ^ 

iniJ«ffi for the cu.«nt bufflrlSj^^^Troi^C^S^"' '^^'^ ^ ^"S'* "it 
that writes are to occur to. "*''°''"***«'«>e'»t('^-*HWforthecuirentbuli^ 

of data fton. DRAM to the buffl^^JS^t'^tSS " ^ 

n/_e„ and «/^e/ gets incrcmentedTo p"oim to L Ul^i-tlYc"^ ^ »^ '^^^"g 

the data to the output double^iffer o? Se ^^S^^^ ? 
bin "<i'^--is asserted. *,Sl«v«//^.^_^^r^^ the buffer. .^^W equals 

P ?^"-X"~'oT^S'.;^eor^^^ '^'^ *e CPU .oves 

cdu_diu_wadr(6:SJ = li„e[l=0) 

" ifM^JSff '=:'i''-^"^^-"""'= «ddres.eB after e«ch DRAH re»d -coess 

" baocT-'o "^"^°'=''' - -<»i«0 - line Of contone i„ „p . 

S!:care!c'oi%^: n:a"u ^:„"r 

pulse RdAdvIine y^sc«le_denoin - y_scale_num 

if (line =» 31 then 

• °' '^^'"^ < "n« store Of contone daca 
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i3 



line 0 



eurr_halfblock = buf f.etartlttdr 
line_scart_adr » buf f_start_adr 

curr,h«lfbloc>c r buf f Jtartl^^^ *>"".en<L.adr» then 

^j^^^^'**-*«^«^t.adr = buff.start_acSr 

ime^start^adr = Ixne^start^adr * 41ine.offset 

else 

line ^4- 

^1^^ ^^-»«^l«>lock = linens tart^a<lr 
// re-read current line from ORAM 

cu^r^lSi:!/ y-scale.count . y.3cale.denom 
else "^-"^^^^^^'^ = iine_start_adr 

block 

curr_half block 



Doc: SoPEC^ha^ware.^esign 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 296 



SoPEC : Hardware Design 



cfu^diuLrreq o 0 
wr_8el e 0 

^ reset J 



< 



idle 



3 



Go »a 1 

cfu^diu n 



cfu.dlu.nnaq « o 
wr.advjxiffoo 



c 



> 



toiff OK tft mite 



^..dlu.iraq a i 
wr_se<«0 
wr^adw^boffao 



ack 



c 



w_ady_buff « o 



ceadi 



c 



3 



cfu_diu_rreq • o 
w^dv^buffeO 



read2 



3 



'YHffrf — 1 



Cu^dhoroq s 0 
wr_se] = 1 

wr,a<f»^jbuff=0 



reads 



c 



3 



cfu_diu_freo = 0 



_.dju_freq = 0 
wr_Bdv_bu« « 0 



read4 



«u_dlu_fr«a « o 



J_dlu_froq ■ 



Figure 109, State machme to read decompressed contone data from DRAM 



Doc: SoPEC^hardvware^design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 297 



SoPEC : Hardware Design 

23.7.6 Contone line store interface 



23.7.7 



The contone line store interface prVJZZZc^l^^ffT^'' '^'^ ^ line-at-a-Sne 
imes it sends an ^^^..^.Z^/L? S toT S^^^^^^ 

CFU may continue reading from DRAM^ltmcT! S^'r incremented by 8. Ae 

set while buff_Unes_avaVrts greater^O h « ««atcr than 0. /«,e*_o*_to i! 

ftom DRAM, the Y-scaling JSTtS^^JiSL^^"? '1'^ '"^"^ ^ ~«o~ne ^ 

CDU to free up the line inL buS iSj^ £^tf^ ""^^ '^'"'''"^ ^ i"««fece and to Ae 
W/nepulse. uner mDRAM. fa#-/*u»_«w„/w decremented by 1 on receiving a ^! 

Color Space Converter (CSC) 

Jatency of the convert YQCb to RGB bSl^STw ^^T^ *° ^^^^ bloct Note that the 

plane as it bypasses the block. * ^ «>« for the 4th cotor 

YCrCb to RGB. and im>en.color.plane cTb^srttoOn » ^^o™ 

unchanged. «^ set to Oil 1 to then convert die RGB to CMY. leaving K 

^[J'^^^GB equals Oaadim>ert_eolornlanecaualsOOOn „«^ai 
tate place, so the ou^,ut pixels will be thelme JATLpTpli^k 
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S3 



Figure 110 shows a block diagram of the color 



space converter. 




23.7.8 



fc'verL.cofarjjiano 



Fl,u„ 1,0. BIM dl.s™m coiwMe, 

version is impIemenJed as follows- accuracy » maintained with 18 bits. The con- 

• R*'=Y + (359/256XCr-128) 

• G«-Y-(I83/256XCr.l28)-(88/256XCb.l28) 

• B*-Y + (454/256)(cb.i28) 

X-scafing controf unft 

convenerandthe HCU. "n^c 

the mechanism for keeping hack of S^nt^^ T """^'^ °"*P"* '«ol"tion. provides 

read from untU it has bLn^S«, to ""^^ «^ that a buifer l^not S 

Cr^^^'^l'^lT^r^^:^'^ It also keeps a single bit 

that writes are to occur to. »° "^'"'from. «"»d a single bit (,wr_buff) for die current luff.^ 

^r_€wiv IS 1 . nxeis in the lead-in and lead-out areas are 



1. -179 15 saturated to 0 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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if (wradv == i) then 

'w*f^-*'°""'^ °' <>««_Wock.blll)) then 

Pixel cniin*- » n *' ^'"'^n 



pixel_count = 0 
else 

Pixel_count ++ 
if ((Pixel__count < Ieadin_clip_„um) 

OR (pixel^counc > ({max block ^ ^ 

w-en « 0 »i"«^oxocx,blll> - leadout.clip^num) ) ) then 

else 

wr_en c i 

When a wr^en pulse is sent to the output double-bufer h,./r^. ir.^^ 

fe^pixel Uscaled by. fcu.UneJZ^^^'X^X^^^^ ''^ -'•^^ 

line tliat IS sent to the HCU is scaled by. control the amount by which the last pixel in a 

if <hcu_cfx;_<tetodv- .« ij then 



else 



else 



x_scole_count , x.scale^count . >esc«le_denom 



X^scale^count = x_scale.count 



received, then an/ pulse is eematerf fn fu '^-''^-^Sth and a Acm_c> dotadv pulse is 
reset toOandx^cafe_L^„^2foXl;r.:::r^^^^^ 
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24 Lossless Bi-level Decoder (LBD) 



24.1 OVERVTEW 



the nu^bcrof Unes to decon^ress^''^ZS^'e1<^*:^r?f S^P^^ fsT H ^'^'^^ 

compression, the LBD can cope with any c^oresS^Hr^f a 1 1 ^ *° P'^* 

pass-through mode is provided fo/ t ™*'*'.'^*f DRAM access is available. A 

50:1. Lossless bi-level com^tonL^^avlIr''""'* ^o™P^««*^ a mio of about 
which compress poorly. ^ P^*^ 20.1 with 10:1 possible for pages 

unit) for the uextstiHaJpriSpb^^^ (Halftoner/Composito" 

is used by the PcStu, is avaf^^ 'JT nt^^o Tc^ " ""^-J^^na c^^X 4 ^ 



ORAM 
Intertu^ft Unit 



1 



Ibdjinbhodband 



PCU 


^ 


-"-c — 

LBD 







Spot FIFO 
Untt 



HCU 



24.2 



Figure 111. High level block diagnm, of LBD in context 

Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFU. 

The LBD is required to support compressed images ofuD to 800 do, ir ui 

PECl LDB outputs 16 bits in parallel to Se PEC^S bS^-iJ Y ^^^^ "'^ ' Acy</cyc\f,. The 
the LBD in SoPEC can run mi^ faster^ ^^'l ^oPEC. THerefore 

processing latency, to be absorb "^^^^ allowing stalk. e.g. due to band 

StdTa'SZ/al^S S^Th'^e"^^r « -ti- 

grammed number of bits JS^a i^o^^K T"°T ^'"^"^ fo' » Pte-pro- 

length code. foUowed by pS^ZS^ "^'^'^ « ^^-^^^ i a L- 

pSe SCi^SrifD^tS''^^^^^ ^« ^P- Unit (SFU). T^. 

up to a programmable ^^'l^^^s^^T J^^^"" " """ni^ly 3 
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i3 



A signal sjujdb^rdy indicates that both the SFU's NartH^^ifn?^ a » , 

wnfing and reading, respectively. NextLineFIFO and PrevUneFIFO are available for 

Kbytes of storage. ^ l -7Kbytes of storage. An A3 line of 19488 dots requires 2.4 



ORAM mad 




All RFOs are 64 bytes 
(twice the ORAM data 
word«vidth) 



ORAM write 
ORAM read 















r 




Ihcu 









Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



Bi-level Decoding In the LBD 
Table 




number of bits, whichever is shorter. TTie^ial «^ I™^ f° °^ ^ ^'^ « P«-pragrainmed 

followed by pass th«,ugh. The pass ti^^^T^^f" "^^^ « * ™°-«ength code, 

than or equal to 3 1. ^ code is a medium length run-length with a nm of less 




the nght to most significant bit at the left). •'w are read m the same way (least significant bit at 

easier to 

mented in &e PECl version of the LbS^^ Sott^ T^f 1°*^ tha* ^ not imple- 

the data stream is an un-compressed b?c ^2;ri 



Doc: SoPEC^hardware design 
Version; 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 303 



SoPEC : Hardware Design 



24.2.2 



DRAM Access Requirements 

;J:p^eXr JS^^^^^^^^^ ^-V*es• .BD w.U access the 

Table 105. DRAM bandwltfth reqmrements 



OfrectkMi 
Read 



Maximum number of 
cycles betwreen each 
2S6HiK ORAM access 



Peak Bandwidth 
^ftsAeyde) 



T-— . oo^fes^) I 1 (l:1 oo„«>r7^ I o., (,o.,^ 

1: A. I:| comp,c«ion the LBD , Wt/cyclc or 256 bUs ejy 256 cycle. 



Average Bancfwldth 
(bttc/cyde) 



0-1 (10:1 oompression) 
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24.3 Implementation 



24.3.1 Definitions of lO 



Table 106. LBD Port Ust 



Cioclcs and Resets 



Bandstors st gnars 

cdu_€ndoft>andstOfe(2l ;5] 

I cdu_8tartolbarid8tore[21:5] 



SoPEC Functional d ock. 
Global reset sfgnat. 



Ibd_finishedband 



DIU Interface slgnate 



17 



17 



In 



Out 



Address of the end of the current band of data. 
256-bit word angned DRAM address. 



>Jddress of the start of the current band of data,'" 
2S6-bft word aligned DRAM address. 



LBD finished band sfgnal to PCU and Imerrumc ^t^fror 



ibd^dfu^rreq 
ft>d.dru_radr(21:51 



diu_<bd_fack 



diujdata(63.0] 



cfiu_lbd_rvafid 



64 



In 



In 



In 



PCU Interface data and comroi sfgnate 



DIU that read request has been" 
accepted and new read address can be placed on 



Data from DIU to SoPEC Units. 
Rrst 64-bits Is bits 63.*0 of 266 bft word 
S«»nd 64^)its Is bits 127:64 of 256 bit word. 
TOfd 64-bits Is bits 1 91 :128 of 256 bit word 
Pourth 64-blts Is bits 255:192 of 256 bH word. 



t^Z T^^^ Z""' ^""^ ^"^ ^ 



pcu.addr(5:2] 



pcu^dataout(31:0) 



Jbd_pcu,dataln[31 .-Q) 



pcu_rwn 



32 



32 



In 



In 



SPU Interface data and control etcnate 



Out 



In 



In 



Out 



PCU address bus. Only 4 bits are required to decSdTSr 
address space tbr this block. "aecoaeme 



Shared write data bus from the PCU. 



ftead data bus from the LBD to the PCU 



Common read/not-write signal from the PCU. 



f!^.^^ from the PCU. When pcu_ttxS^sel is high both 
pcu-addrand pcu^dataout ate valid. tflnoooi 

^^m?^!^ 'li''- "^^^^ ^^-J>cu^niyls high it Indi-' 
^oH. last cyde of the access. For a write cycle this 

tor a read cyde this means the data on tbd^^dataln is 



Sfu_lbd_rrfy 



lbd_sfu_advllne 



lbd,sfu jiadvwofd 



In 



Out 



Out 



rS.!l?!^ ^^^^ has previous Une data 
available for reading and is also ready to be written 



Advance line sfgnal to previous and next line buffeTT 



Advance word signal for previous line buner. 
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24.3.2 Configuration Registers 

Table 107. LBD Connguratlon Registere 



Cotrtrot 



0x00 



0x04 




Go 



0X1 



0x0 



A write to this register causes a reset of 
the LBO. 

This register can be read to indicate the 
reset state: 

0 - reset {n progress 

1 ' reset not in progress 



Wnting 1 to this register starts the UBD 
Wrfting 0 to this register halts the l^D 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go is deasserted the state- 
nnachines go to their idle states but aJi 
ooumers and configuration registers Iceep 
their values. 

When Go is asserted afi counters are 
reset, but configuration registers keep their 
values (l.e. they don't get reset) 
The LBD should only be started after the 
SFU Is started. 

This register can be read to determme If 
iheLBD'Isninnlng 
<1 ■ funning, 0- stopped). 



OxOC 



UneLength 
f^assThioughEnable 



16 



1 . 



PassThroughDotl^ngth 



16 



0x0000 



Width of expanded bi-tevel line (fri dots) 
(mustbeainultipte of 16 bits). 



Wrfting 1 to this legister enables pass- 
through mode. 

Writing O to this register disables pass- 
through mode thereby making the LBD 
compatibie %vlth PEC1. 



Number of dots fior wrhlch pass-through 
mode win lasL ff the end of the rme is 
reached first then passthrough will be disa- 
bled. 



0x18 



NextBandCurTReadAdrC2 1 :5J 
(256-bit angned ORAM address) 



NextBandUnesRemaining 



17 



15 



0x0000 
0 



0x0000 



Shadow register which Is copied to 
CurrReaKiAdnNhen (NextBancf Enable ^ ; 
AGczz= 0). 

NextBandCurrRea<iAdr\& the address of 
the start of the next band of compressed 
bi-level data in ORAIVf. 



Shadow register which Is copied to LrVies- 
RamamlngyNherx (NexteandEnable 1 & 
Go^O). 

f^extBandUnesRemainingts the number of 
lines to be decoded in the next band of 
compressed bi-levei data. 
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Table 107, LBP Configuration Registers 



0x1 C 



0x20 



NexteandPrevUneSource 



NextSandEnabfe 



Work feglsterg (read onfy for external access) 



0x0 



0x0 



Shadow register which is copied to Pmv 
UneSource when (NextBandBnable = i 
^Go»0). 

1 - use the previous One read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU tor decoding the first fine at the start 
of the next band (an all O's line is used 
instead). 

rf(AtextSand&jaWe«ri4Go«=o)then" 
'f^axtBandCunReadAdrls copied to 
CurmeadAffr, 

-f^^toxtBandUnesRemainhg is copied 

to LmesRemalnfng, 
-NextBandPmvUneSource is copied 

to PrsvUneSoaiCQ, 
'Go is set, 

-NextBandGnabte Is cleared. 
To start LBO processing NextBsnd&wJbto 
should be set 



0x24 



0x28 



CurrneadAdr{21:Si 
(2S6-bit aligned DRAM address) 



PrevUneSource 



CurrWriteAdr 
FirstUneOfBand 



17 



ts 



The current 256-btt afigned read address 
%vlthm the compressed bMevel image 
(PRAM address). Read only reg ister. 
Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register. 



1 - uses the previoiis line read from ihe 
SRJ for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an all O's line is used 
Instead). 

Read only register. 



The current dot position for writing to the 
SFU. Read only r egister. 

indicates whether the current line is con- 
sidered to be the first line of the band. 
Read only register. 



24.3.3 



Starting the LBD between bands 

and then stops, clearing it's Go bit and issuing nZ^^/^^Zs^b^ ^ur^^' ^ ^'^'^ 
^rthenextband,whi,ctheHCUcontinues1Jpr.S,°;r^^^^^ 
^^"^ ^ mechanisms for restarting the LBD between bands: 



Doc: SoPEC^fiardware^desIgn 
Version: 2.3 



S3 Proprietary Document 



29l^v2002 
Page 308 



SoPEC ; Hardware Design 



i3 



c The PCU IS programmed so that Ibdjinishedband trisffers the PCX r to ^v*.^.,- 

Shadow ^^^Sr^'^eljjs^/rs^^^ 

so the LBD restarte unmediately. Simultaneously. Ibdjinishedband inesscs the POTfaSt 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 1 13. 



DRAM Interface Unit 



\64 



v17 



i 



lossim bJ-|«vei 
decoder unit 



Stream 
Decoder 



^pass.through.doCtenflth 



_pass_thrDugh_enable 



± — ^ ^ ^ 



pnev^Hns^sourcD 



'^oo'sterand 
Resets 



Cnes^remalnlno 



Bne^length 



Command 
ControUer 



15. 



1 




_ted,finishedband 



Next Edge 
UnH 



UneFiO 
Unit 



Ibd.sfij. 



data 



datMlitf 



End of Band 
Unit 



^p>advwof| 



kxLpideta 



r.8dv«ne 



1$ tt>d|_gfu,wdai 



wdatavalic 
> 



Previous 
Line Buffer 



Spot FIFO 
Unit 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bl-ievel decoder 

The LBD contains the following sub-blocks: 
Table lOa.Functfotml sub-blocks fn the LBD 



Registers and 
Resets 



Stream Decoder 



Next Edge Unit 



Une m Unit 



fiosef signals ter the rest of the LBD ^^»m9 



Aoce«^sme bHevel description from the DRAM through the OIU Inter- 
fece. It decodes the bit stream Into a command with arguments which it 
then passes to the command controlter tcms.wnicnii 



Interprets the command from the stream decoder and pfpvtde the Kne fill" 

arc vi^ ^""^ t^t'^ "^•^^ to m. the SFU Next n7lsf 
provides the ne xt edge unit starting address to look tor the next edge. 



Srans ttifough me Previous Une Buffer using rts current address to find 

rnn" if^l^ ''r^^' *^ ^« ~^"<' «>ntroller. The n^ 

edge unit oujuta this as the next cunent address bade to the comnTnd 
controCler and sets a vaTtd bit when this address Is at the next edge 



Bm,t address. The color and limit are pmvided by the command contXr 
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Naming of signals and logical blocks are taken from [18]. 



24.3.5 



24.3.6 



The LBD is able to stall mid-line should the ^Fi J ho imoki« i 

line fhune due to band processing l^^cy " ""^P'^ " ««ive a cun«nt 

Ail output control signals fix)m the LBD must alwav* «its^ -a 

Registers and Resets sub-bfock description 

line regardless of wliat the out of the SFU is. « «f « « receiving all zeros for die previous 

pressed .tuarean, ""^ «cmnen« <lecodi^ 

stream Decoder Sub-forock Description 

tta emro sp^ c««,Md b, ft,S ^^r* ? 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 

I DRAM lnt«»feee Unit I 
^ ? 1 ' 




Rgure 114. Stream decoder block diagram 



24.3.6.1 OecodeC'DecoOe Command 

The becodeC logic encodes the command from bits 6 0 nf A. k;» ^ . 

mands: SKIP, VERTICAL and RUNLENGTH U ^ ^ «>™- 

consumed, which feeds bacTJo the^S^ l^^'^'^ " *^««« ^ v.crc 

as a medium nmlength this tcU nTsZ^^I^r^^^ " ""^^"^ »e« ^ha" 3 1. encoded 

length is decoded3pletely Ic Jo^e?^; ^ZoH^TTn ^"^^ ""'^^'^ ''^ ^^ 
be a number of bits that represent »Jt^^s^t^^^2^ ''<!"o^« *e nmlength there will 
all these bits have been ^cSSS^LT^STSI /'^^.rasOt/Cfi'mode until 

orthelineends. which ever comriS^ ^' "*''*^''"***'^ 



24.3.6.2 DecixfeD - Decode Delta 
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Tbs DecodeD logic decodes the run length from bits 2a.3 of the bit stream If 75.^^^ ^ ^ ^ 

tical command, it will cause DecodeD to out constantc «f ^ a "DecodeC is decoding a ver- 

1 5 bit number, which is generSr^^TdS^^oT^o.^:. t?^ ^ °" "^^ » 

dotsforanA4pageandl 9488 £^^^ll^il?Tl%Tl2^^1:^^^ '"^^ 
~ page ypi j^, /oa;^ a 2 s complement representation of -3,-2,- 



S3 Proprietary Document 



SoPEC : Hardware Design 



SZ 



imll^^ork conecdy for the data pipeline that follows. This utut also outputs how bits we. con- 

clock cycle aid pa^ thl bSSe teSfi^S "^,^^-^^^9^^ Ac bits at one bit per 
*^ ™ ™^ Significant bit location of delta to the line fill unit 



and the cumnt command 
24.3,6.3 State-machme 



passe^andti^estate^eiSJ^eSSSS^^^ 

fetch ftom the coaunand controller another l^/vA-w • J- J? • *®^'«* mstiuction 

24,3.7 Command Controlfer Sub4>lock Description 

ing addiess toto^ foTth^ SI? 7^^^ ^ P"*^*^ «»8« unit with a start- 
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Figure 115. Command controller block diagram 



24.3.7.1 State machine 



The following is an explanation of all the states that the state machine utilizes 
« START 

a AWA/TJSUFFER 

stare when the ^^^^^^^S^^^uTu^NcLr^^ ^"'^ *° ''"^^ 
nmid controller can proceed to the PARSE st^ NEUJIUNNING state. Once this occurs the com- 

Ui PAUSEJCC 

SStnS^ 'J:4;^''riEcm ^° — » Of <^ if the 

due to band process?nS<^ reiS^oflS"^^ "^^^ ^ ^ ™<'-'-« 

decoder gets more of Ae comTr^ssed data ire^frJTth^ ™ a?? ^ *° 
ftames. AU of the remaining states chS^ ^T ^ *^ O"" <leUvcr new 

decoder)orif^.«.":^L"S"zj;;t,r^^^^^ o^^^ 

command controller enters to acWeve this and it T^T i .J. ^ i^AUSE^CC is the state that the 

both asserted and the LBD cL rSr^^^^S^t^Jes^^'r ^ ^^«//rfand,>_/W^ are 
'V PARSE 




When in this state the command controller can receive one of four valid commands: 
a) Runlength or Horizontal 

i«, .be miTJORjiZl^]^^^,^S^ » «». P.i«. IK. 
Vertical 

W^en this command is received, it tells the command controller thM !nH,^«™^- i ■ 

change from the current color to opposite of thr«»^jl!li • •f'u P'^^o'" hne, u needs to find a 

the current position in the p^oSX ' 1 "^^f « ^'^'^ 'ook^ ft"" 

blacloItisimponanttonoithatifa^iL^otrcS^e:^^^ 

element on the previous Sor^^rn^f^S:^^^^ " ^ "I'^ve to the changing 

cor„spondtothetwohitsexUfrom":SSS:m::tSSn*'r^^^ 

^^^l^e^SSl-.^-^^ 

^^JtSTiste^^le^^^^^ «>.nunands hut «,e color in the current line is not 

that the command controller t^ y^Z ^ «'"^<1» 

the current color in this caL ffernco/CO) commands and has been coded not to change 

4* Pass Through 

rcCt^S?ce";:ilLlr^ that is uses to const^ct 

LBD can recommence noVmal d^3^Sn ae^l?!!:^^? 1 in the stream decoder, the 

color as the last bit in un-comp^S^^S ISTp^ ^ ^« 

command controller as each^SoiS^^/ "^"^ ^ ^ ^'t™ « the 

cessed in one clock ^ ^ "^"^^ '^'^ *'«^er can always be pre- 

V WATTJ-OIUtUNLENGTH 

n'^Ton^e^Z^S^i^.n riie'^rallt ^ ' "^1: ^ ^« 

clock cycle the command coSS^tL to Ae SSoT^iJ^JvrS^''''"'- ^ 
LENGTH izxz has been consumed. Once ^r^hJ^!S -^ fr^^^*^^^™ the RUN- 

controller will renaxn t^tS^^s^^ is not the end of the line the command 

W WAIT_FORjrE 
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Figure 116. State diagram forthe Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 
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Table 98, CDU registers 



0x14 



0x20 



MaxBlock 




BtfflStartAdr 



15 



0x000 



0x0000 



BuffEndAdr 



NumBufftJnes 



BypassJpg 



15 0x0000 



OxOC 



0x0 



Points to the start of the decompressed contone dr." 
SunS^' "^^^"^ ^""^"^ ^^^^ 
A half JPEG Wock consists of 4 words of 256.blts 

riSSll ilHl^ ^'^^^^^ ^^^^ 4 colors, U, half 
a JrtG block. 



Wnts to the Stan of the last half JPEQ bTock at the " 
^PA« « '*««»'nP'««w<J cortonecjrcmar buffer in 

A half JPEQ block oonalsts of 4 words of assilts 



Defines size of buffer in DRAM in terms of the 
S^I^P^^ The Size of 

^m^^^'?''^ • -nultiple of 4 «nes with a irtni- 
mum size of 6 (jnes. 



0x30 



NextBandCurr- 
SourceAdr 



17 0x0.0000 



0X34 



NextBandEnd* 
SourceAdr 



19 0x0,0000 



0x3d 



NexteandVafid- 
BytesUstFetch 



0x3C 



NextBandEnaUe 



Oetenrtnes whether or not the JPEG decoder will be 
bypassed (and hence pixels are copied drrectfy from 
input to output) ^ 
O - don't bypass. 1 - bypass 
Should not be changed between bands. 



The 256^rt aligned woid address containing the start 

^ r.^!-"^ compressed contone data in 

DRAM. 

Tliirs v^ue is copied to CunSoufceAdnNhen both 

^tt^^ /VextSaoc/eiaip/els 1. or when 
Go transitions from 0 to l 



0x00 



Tile 644jlt aligned word address conta/nlng the last 
bj^of the next band of compressed contone data in 

This v^ue is copied to eitfSoi//caAtfrwhen when 
both DoneBandis 1 and NextBandSnableis 1. or 
when Go transrtlons from 0 to 1 



0x0 



Mask containing a 1 in each bit position that repre- 
sent a valid byte in the last 64-bit fetch of the next 
band of compressed contone data from DRAiSi 
V!^ if "^^^^"^ ^° ^^ridBytesUstFetch when 
both DoneBandis 1 and NextBandEnabte is t or 
when Go transitions from 0 to 1 . 



When /^axisand&aweisl and Oo/reSandi^ then 
y^encdu_nnishedband}s set at the end of a bind 

•A/axrSandC</r7S0iirc8Sf^</rls copied to C^^^ 
SourceAdr, 

'Nex^EndSourceAdr is copied to Br^dSourceAdr 

'^extBar^ValidBytesUstFetch is copied to 
BytesLastf=etch 

'DoneBandis cleared, 

-NextBandEnabfe is cleared. 

NextBandEnabte is cleared when Go Is asserted 
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Table 98. CDU registers 



0x40 



0x44 



OonaBand 



CurrSourceAdr 



whed toadino Into the local FIFO. It i, cleared to 0 
when Go transitJons from 0 to 1 •« « 

When the last of the compresseclcontone data for the 
band has been loaded into the tocal RFO. the 
aft/_firt/sheoaanrf8Jgnal is gh«n out and the 
OaneSandflaglssel. 

tt NaxtBandEnablete 1 at this time then Curr- 
SourceAdr. E/KlSourceAarand ValidBytesLastF^tch 
are u^ated with the values for the nei^barSaWI 
^eSa«dfe Cleared. Processing of the n^b^d 
starts immediately. 

CDU wfll continue to run, decompressing the dSte 
NextBanaEnaUo to be set betbre It featart« 



0x48 



0x4C 



EndSouiceAdr 



ValfdBytestjet- 
Fetch 



JFEG decoder core s^up legisters 



19 OxO_0000 



The current z56-bit angned word address within the" 
current band of compressed oontone data inORAlS. 



""^ containing the last 

Sn D?^"""' bancof compressed contone 



OkOO 



Mask contammg a 1 in each bit positton that repre- " 
^rt ^r^*^ '«» 64-bit feteh Of the (i,»et>t 
tower 3 bytea are valid, then the lower 3 bits of VaiiW- 
^^jasf^sho^besetandtheuppersblts 



0x50 



JpgDecMask 



0x54 



0x58 



0x5C 



Jp0OecTType 



JpgDecTestEn 



JpgOecPType 



0x0 



0x0 



f*" ''^^ ^ be output o;;" 

4 SOF-frSOS+DNL 
3 COM^APP 
2 0RI 
1 DOT 
OOHT 



Test type selector 

? ' SSI^®*^^"*^ displayed on JpgDecTdata 
1 ' QDCT coefficfent displayed on JpgPecTdata 



0x0 



agnaJ wwch causes the memories to be bypassed" 
for test purposes. y»««»»ea 



^PEG decoder core readonly status regfsters 

0x60 ' ^ — 



Slgnahspediyfng parameters to be placed on port" 
JpgOecPVklue (See Table 99). «^«"Poa 



JpQDecHdr 



8 



0x00 



Setectea header segments from the JPEG stream " 

uX .^S''^"^ ^^^-"^ 
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22.5.3 



^ VJf °! °' CS1 650, jndteatss the flrat out- 
put byte of the first 8x8 block of the test data 
1VJ?°! '"dicatee the first out- 

put byte of each 8x8 block of teit data 
11-0-11 -bit output test data pon - displays OCT 
TOeffoente or quantized coefficients depending on 
value of JpgOecTfypa. " 



Decodtno parameter bus which ei^es various 
paiameters used by the core to be read. The data 
available on the PValue pon Is for inlbrmatioo only, 
and does not contain eontiol signals for the decoder 



Bit 21 -/Pa-<»/B_«a//(ifset indicates that the JPEG 

^H^i^*" ^ O"""" owput JPEG 

haiftlocic double-buffers of the COU are full) 

Ta^u/J':^'^-'^ ^ *'<^"' «" from 
fte JPEG decoder core and is asserted whM a pixel 
18 being output 

Bits 19-16 - ma^conmts (RFO at bipirt of JPEG 
decoder core) 

CS6150 (see Table 100 for description of bits) 



typical operation 

The CDUshotdd only be started after the CFU has been started 

^;:ss?i^iir;ro;^s>w^^^ 

Aines. Users then set the CDlTs cTwt^W^^?'- -^Tf ''^ BuffEndBlockAdr and NumBuf. 
for the band has finished beirTZ-^H Z^.^ '^r?.?"! "^^^ When the compnsssed contone data 
indicating that the memoty asstc^^ A t^f^bi^^S T™^' '° ^ ^^U and CPU 

band of contone data. fi«t band is now ftee. Processing can now start on the next 

for restarting the CDU betvlJenSiS: ^ ^ * ' toyV«tffa,uffi^frfe. iic, are 4 mechanisms 

A^«««;.^.^..and Afe.r- 
rent band. A^Tthe^SSir^S^^trl^Sc CDU^^^^^ - 
already I . the CDU starts processing the ne^t b^" rl^^fi^ ^ « 

•^ S^Vo to execute commands from 
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cdujbmhe<lba^ aiei^„ the PCU lo fetch cominmds from DRAM Tl^?Sri •„ k 



22.5.4 Read control unit 



receiving the data fn,m ^^Z^clZk cZ^sZ,^'^'". ^ ""^"^ 

accesses to DRAM is described i^ section 2^ ^ ^ Ms'S 1?' T S 

by means of the state machine described fa 10?!^ ^ "^"^ *° implemented 

AH counters and flags should be cleared after reset «. „ . 

should take their initial value WhileAe^ hiH! «?7k S * ^' '^""^ers and flags 

it whether to attempt to .iL ab^ of c^^r^ S^^^^^^ 

does nothing. When Z>o«efl««rf isclelr ^t!^ u DoneBanJ is set. the state machine 

up to 256-4 at a t^^te Serel^" ^ a^^SS^^LTpS^^ f T T ^^^^ 
knowledge about numbers of bloclTor n!S^l.^o^<?il . ^^''^ ^ "^^^ has no 

by consecutive reads from DR^nt^^^^S.T ' " "'^'^u '"P*" « 

.tIcastatthepeakDRAM.^Ji?J2.^.LT«^^^^ 

^iu Cu^alU being as^S^tt^^rS ^1^' t^^S ^"7^'' ''^'^''^^ 
end_ofJ)cuuistore: ~ comparea to both end_source_adr and 

• If {curr_fource_adr.ni_count} equals end source ajlr rh^ u j • 

FIFO is 1 (tosigniiy theendof the bA^^^^S^fSwfr^^^ 

is set. nie remaining 64-bit values in the W fom iT^ «»d*«^«**«~'bit 

theHFO. ».e. they are not written into 

' --^^i^t^uiSTto^JniS:^^^^ then 

whether curr^ourZuir ^ e^r^f^f-^i^'^^'l^y^ry-'''^ t '^''^^ °» 
FIFO is 0. *>"a_oj_tmndstore. The end_ofJmnd contaol signal sent to the 

e«^jot#/Bc_m*- is output to the DIU as crfu_rf«_r<»i>: 

A count is kept of the number of 64-bit values in the FIFO Wl,«, Jt,. „j . . 

data from the HFO. Note itt^ poSblf to b^J^^^ 

ister to 1. In this case data is sent L^fW &e nro tft^e hTf ^^^^ T. im*^** 
decoder is riot stalled Opg.core stall JL oTSlfnlV l J^ "^^ double-buffer. While the JPEG 
a byte of data is conslSS by tife jiS^eSod" c^^fe'^^ti^^^^^ ^:^JP8-in^trb are both 1. 
next byte. The read address is byte aligned iTkT^Xifr^ '^^ *^ "^^^niented to select the 

^ augnea, i.e. the upper 3 bits are mput as the read address for the FIFO 
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cdu_dju_iTeq » o 
ignore.ilata « 0 



Go «aQ 

odu.dlu_rreq ts o 
ignore.dataaO 



cdu_dtu.jreq - ^ 
f gnore.data « 0 



< 



c 



idle 



> 



DonaBanrt 



odu_dfu.rreq«o 
<gnore>.data « 0 



req 



3 



0(hi_diu_rreq » t 
tgnore.data s o 



ack 



1 



read 



> 



fcurr SQiima arfr^yf ^ 



odu.cfiu.rfeq ■ O 
ignore^datae 1 



Rgure 101. State machine to read compressed contone data 



22,5.5 Compressed contone FIFO 



». to the iWoToS^r^S „ SZ^SJJ. r'^-"-'^ 
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. FIFO („ a. 'sJ^^a^^^'^'^^.T^.'^ to l»» ^ ft^'tt, 

22.5.6 CS6150 JPEG decoder 

the CS6150 JPEG decode c^S^c^'IIm^^TS.^^^^^^ MH. (An^Mon have stated that 

which a gated version of the system dock DcL^sX *l T °gy)- The core is clocked byyc/* 

JPEG decoder on a single coloTpi^-b^cd basS^n^S Th T'^'^r ^ mechanism for stalling^the 
the PixOutEnab input to the JPEG de^^rw^ 1^' of the flow of output data is also providwi by 

block boundary J^ islr^^Sf^^ZT^. ^^^''^T'^'^ ^ * "^EG 

instead tied high. employed and PUOutEnab is 

quantization tables, restart inlervai Son^d^eSJtTT T*^*^ ""^"""^ 
Ae JPEGbytestream automatically S^g TthelSi m^f " 

2:s>tp;r^r^rd:tirj-r^^^^^ 

si^edand.ifaoerrorisfound.the^rC^^ 

Lines (DNL) marker at the end (normally^e^si^^^ ^^^^^ ""^^ ^ ^ "^"^ 

^^rtefr ^/^r^fdi'l^^^^^^^^ - '^agr^s of the 

length as this is a modifi^on to theJore " *^ 

^SmD^^rbe'ln'E^etS^tLtf^^^ 

Plxelsin .heco^coloro;;er^rdLfr^4SS^^^ blocks of 

The following subsections describe the means by wWch the CS6150 interrmls can be made visible. 
22.5. 6. 1 JPEG decoder parameter bus 

mines wliicli uttmal mmMiJZ^^^ ' (■*«0«rf>Jtoe) deter- 



Table 99. Parameter bus definftions 




YMCU: number of MCUs in Y directfon of the current 
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Table 99. Parameter bus deOnitfons 



0x4 



0x5 



0x6 



00_XMCU[13:0] 



CsO[7:01_TqO(1 :0l_V0r2:01 
^H0I2:0] 



Cs1[7:0LTq1[l:0LVl(2:aj 
^H1(2:0J 



Cs2I7:0LTq2[1:0LV2[2:0] 
.H2(2:0J 



Cs3f7:0LTq3ri:PLV3I2.-01 
H3{2:0] 



XMCU: number of MCUs in Xtf recfa^mec^ 



CsO: WenUfier for the first scan component 
TqO: quantrzation iabfe identifier for the first scan compo- 

^^J^S^l^'^^'^^'^^^orthe ffrst scan component 

HO; horizontal sampling eactor for the first scan compo. 
nent. Vafues = 1-4 



Csl, Tql, VI and HI for the second scan component 
VI, HI undefined if NS<2 



Cs2, 1 q2. V2 and H2 for the second scan component. 
V2. H2 undefined if NSO 



Cs3. Tq3, V3 and H3 fbr the second scan component " 
V3, H3 undefined rf NS<4 




000_HMAX[2:0J_VMAX[2: 
OL MCUBtK[3:0LNSI2:0] 



HMAX: maximal horizontat sampfing fector in frame 
M^^fiS; ^"^^ "^"^"^^ sampfing factor in frame 



2Z5.6,2 JPCG decoder status register 

The status register flags indicate the ciimm state of the CS6150«rv^r«^^^ . . 

iiig the decoding process, the decompression proc^s^ S j^EG Se^*is^^ 

and DecEnvr). Co is also cleared to halt the cnil n,- nmi '-"^'^ f^mrror, HtError, QtError 
the JpgDecStatus r^ter ^c£X^^T^^ " *^ ''^^"^ °f *>/ reading 

high to indicate an ciror condidon as ^IZ^^Um "^^^ " 
more cirois. ™^^® (^^0 without triggering any 



Table 100, JPEG decoder status register definitions 




11-8 



JblDef[7:4] 
TWOefr3;0J 



OecHfError 



Indicates the number of Huffman tabies defined. ibftAaWe 



Indicates the number of quantization tables d efine iHfm^K J 



Set wfien an »indefined Huffman tabfe symbol is referenced durino dacodJno. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 279 



SoPEC : Hardware Design 



S3 



Table 100, JPEG decoder status register definitions 



CUEfror 



HtEnor 



QtError 



OecError 



(DctlnProg 



OeclnProg 



JpglnProg 



Sot When anything other than a JPEG marker is in|i!lt 

Set when any of DecFlags(6:4] are set 

Set v^n any da^otherthan the SO. martcer is detected at the start of a stream. 



Sn^f^s'S:in"S.K^r*^*''*r ^'S'^^S (Start Of scan Segment) 
sgnai nas oeen output from the core and is de-asserted when tha I# 

8can«complete. It in dicates that the core is in th^eSCSl * 



22.5.7 



Half-block buffer interface 

to stall the JPEG decoder core at i^o^^t^fS^n^^Vj'^'''- "''"^'"^ ^ '"^ 
pixel). We provide a mechanism for sS£ ftf 5?eg rf!? 5 ^"^^^ ^ 32 pixels (8 bits per 
Jpg.cor^^taa is 1. The half^ck^^nttrfJeT^^ k?'! "'^''^ ^« "^"^ ^"en 

half JPEG blocks to decouple JPEG SoSnWr^»H "^Z^^^- f^lP«>^di°8 « «t of double buffered 
DRAM(writecontrolunit) SkcoLISts f bt^^^^ *° 
oiUy a single color pUme. Data exits in Z ^t otSSS. ^ "^'^ '"^'^^^^ 

The half-block buffer inter&ce therefore consists of 2 sinele JPEO h^if u k «r 

combuiatorial logic, as shown in Figure 102. half-block buffers and some simple 



jpo-core^stflll 
jdk^enaliie ^ 



pixsl.data 




C(^.diii.data(63:0] 



Ffgur« 102. Block diagram of half-block buffer Interface 
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22,5. 7. 1 Half^block buffer select unit 



buff^avail[y,r bum.V^iDe co^^^J^x^^^ value- apg_co«_^to// equals 

output fiom the CDU. When7<5A^niL^1^ ^ ' 

C/c/*_en.*fe is the invent .iJpCco^^Zk '^'^ ^'^^-^'-W- 

is 0, 7c/;t is 0 

p'^JcL^?:^/;^?^*^^^^^^^ is cleared, and 

pixel_count[4:0J it sT. ^ff auJrJr t^T^^J^Z '"^'•^ ''^ When 

/.«.o«r_v«/WANDed;ith-K^^off^ ^"'P"* 

ANDcd with /ri adv. of JPE-COie jtall. The output n/_e« equals hal/_block_ok_to_read 



22.5.7.2 Contone plane buffer 

E«:h^«>ntone plane buffer consists of two half JPEG block buffets as shown i 



in block diagram form in Fig- 



nUMifi 



fd_«n. 
*w_buH, 



pixeLdala. 




rd en 



"Xel data , 



JPEG 
hatf-block buffer 1 




contone plane buffer 



edu.dhj.data{63:0J 



Figure 103. Contone plane buffer Interface 



^oZ^'^^^l^:;:^^^^^ ^ -o- of combinatorial 

lected at the first shift r^^SJ^vliS^^^t^^^^Z j^, " ^-'"^ ^ 

.ster in^bit quantities. Data isread^mtheslctdsrS^iJ-^^^^^ 
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22.5.8 Write control unit 



ORAM wonip 
DRAM word p*4 



ORAM 



JPEGbfockO 
ImesOto3 



JPEGbldckl 
OnesOtoS 



255 



4 line 



DRAM wsrd p<»4n 

DRAMvuordq 
DRAMvw>rdq+4 



DRAM word q44n 



JPEG bfock n 
Ones 0 to 3 



JPEG bfock 0 
fines 4 to 7 



JPEG Model 
lined 4 to 7 



JPEG block n 
fines 4 to 7 




255 




► '"^s 4x64 bit writes to consecutive 

wonfe In one DRAM row, fc?rSSte 
COU access to ORAM """'B" 

CX - Cotof X 

Ly - Line Y or 6 bytes of a Rne In a JPEG bfock 



as 



R9«~ 104. ORAM .to«8e arrangement for a ,lng,e line of JPEG 8x8 blocks in 4 colon. 

blocH 0, color 0. line 0 in word p bi^ 63-0. line 1 1„ „or<, p.l bits 63 o 

line 2 xn word p., bits 63-0, line 3 in word p.3 bfts ^-'o 

block 0. color 0. U„e . i„ word , bits 63-0, line 5 in word ,*1 bita 63 0 

line 6 in word q+2 bits 63-Q Hr^« n ^ oics Gj-o, 

^xx^a 0, line 7 an word <i+3 bits 63-0. 

block 0, color 1, line 0 in word p bits 127 i • 

line 2 in word P^2 bfte 12^ ^V"" 

oxca i27 64. line 3 in word p+3 bits 127-64. 

block 0. color 1. line 4 in word q bits 3 27 t 

line 6 in word a.2 bfts 1^7 ' ''"'^^ 127-64. 

oits 127-64. line 7 xn word q+3 bits 127-64. 

repeat for block 0 color 2. block 0 color 3 

block 1. color 0. line 0 in word p*4 bits 63-0 . . 

V * Dxcs 63-0, line 1 m word p+5 bite 63-0. 

etic. 
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the individual bit write im,ute of rhV np A xi "^^'^ ^"^^ ""^ be written are masked usin? 

only 64 bits out of the 256-bit access to^^^^l^^tlfT'''^ T'""^ ^ from the CDU 
by the DIU. ms means that the decompreSedcZTHt '«mammg bits of the write are masked 

Write masked accesses to 4 consecJ^zS^ 

ria^^'sZfrr.^^--^^^^ 

block to DRAM. Once the half-block l^I^n^S^ Sfi ' ^^flf^J^'^^' ^ JPEG 

requestsawrite access to DRAM by ass«SSc^^r>^^ "^^^^^ «^ "^W"* 

mg to the first 64.bit value to be written^w^^^ jITf^"^*^ frl""® correspond- 

access of 4x64 bits is issued by the CDU 1^5^^;^^ in each 

fourth 64^it values). The state mS^SeAel^JafJ^or^^eh^r^^^^ 'f^'l' «^ 
mg a read of 4 64-bit values from the halSterbu^erSr DIU before initiat- 

the cdu_diu_da^a bus and should be v^n^^^^sL'^'^f^'' ^ ^V"^ ''^ « 

.s then sent to the half-block buffer^tS^ t E^f '° "^"^ .^ '"''-'^^^ 
^uIdn^beav^3bletobewritteotoagai.S,e"ttr^^^^^ 

^d%^s^ho^i^:'7e^^::^thnn^^ 

cleared and Iwrjudjblock ^z^o^lS^ from 0 to 1 all counters and flags should^ 
buff^tart_^+nJcJh^l^ *«iZ>tert.Wr and upr^fuU/block_adr gefiloadi wi& 

// asoion write address output to DRAM 

// corresponds to linenund>er, only first addr««= 4. 

// ihr^u'""^ ^""^ ""^ ^Hu^ line tf r/wat: 0 

cdu_diu_wadrt4:3I = color Sienerates these bits of the addres^ 

if (half == 1) then 

^^^=.u.diu.w.drt21=,, . „pr_halfhloc^adr „ ^^^^^ 

=au.di..wadr,.l , l.r_hal«,lo=,.... „.3 ^^^^ ^^^^^ 

iH'rtrj^r^iToc.^rxrti.er'^"^- -^^^ ^^^^ ^'-^ — 

if (half 1) then 
half = 0 

if (color == inaxj)lano) then 
color - 0 

" Pul'sfw^Id^I^e'*'''' °* - line of JPEG blocks 

block = 0 

upr_halfblock_adr = buff atmrt- ^ 
el3if (upr_halfbloc^edr f i^Tx bi;:?^/l":!-^i°f 
^j^^P'^-h-lfblock.adr = buf f_strrt!rdr »'"«-end_«dr) then 
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else '•"^-'»^">l<'='^-«'^ = upr_h.lfbloc>^«dr * ™^blocK * 2 

block ++ 

up.,^..MocK_-.r „ ^^^^^ ^^^^ ^^^^ 

color -*-4- 
half * 1 

if (color =:= max_plane> then 

if (blocx =. „«x_blocM, then // e„u of writing . xine of «EG bloclcs 
// update half block address for starr «f i^ 

iwr halfblock_adr = buf f_8tart_adr + »axhlock * 1 
elsif (lwr_halfbloc)(;.adr ♦ nuuOilock + * »*, . 

lwr_halfbloc)^.dr - buff.stlit ^ »>uff_en4_adr) than 

else ~ 

lwr_halfblock_adr = lwr_h.lfblock_«dr * i»«j>loclc * 2 



else 

lvnr«halfblock_adr +♦ 



// move to address for lines 0-3 for next block 
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odu.dlu.wreq » 0 
fd.adv_fialf_b(ock«o 



cdu_dhj_wreq = 0 
cdu_dru_wval(d s o 
rd.adv « 0 

reset ^ 



idle 



c 



Caujdiujmeq a o 
cclu_dju_wvaJid e o 
rd_adv « o 

Rj_acfv_hatf_bk)ck « 0 



req 



c 



> 



cdu.dfti_wreq « 1 
cdu.tfcu.wvaUd s 0 
rcJ_adv s o 

rt_adv,halLbteck»0 



ack 



c 



3 



cdiJ_aiu_wreq « 0 
cdu^diu.wvalid « o 
rd_adv « i 

«Cadv_nafLblock»0 



read 



c 



cdu-dlu_wreqe0 
odu^df u.wvaOd s t 
rd_adv«i i 
tJ^adv.haMLWocfc- 



write 1 



C 



3 



cchj_diu_wreq » 0 
cdu_diu.%tfvafid a i 
rt^adv e 1 
nl.adv_rialf.b(OGk » 



write2 



c 



3 



cdu_dlu_wrec «= 0 
cdu.d^u^wvaud » 1 
rd_adv B 1 

nJ_advJ«nLWock»1 



write3 



3 



cdu_d!u_wreq <= o 
cdu^diu.wvaJid*l 
nj.adv a 0 

'^-.adv_halLbtock = 0 



write4 



> 



CdiJ_dlu_wroG » 0 
otfu_dUj_vwalid » 0 
rt.adv = 0 

nrf_adv_half_WocK»0 



Figure 105. State machine to write decompressed contone data 
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22.5.9 



Contone tine store interface 

write to. ■n.us the size of the Une storelo D^^" ^ mZS^Ul^?^ *° 
bne store interfiice is 8 lines orovidinc a sinale h.,^. u ""iT^ . . T nunimum size of the 

scheo^e while 16 lines pro:^^l.^^l"::^;^fZ ' ' 

set to the value of nwTbT^^ ^e c^^Z^;,^t!' Go tremens from 0 to 1, numjines_<n>ail is 
available for 8 lines indSteTwhen Ae^IiT only begin to wnte to DRAM as long as there is space 
writing 8 lines. the^;;fc:;j^,:^^ti'"^C^^^ ^ 
CFU. and numjines avail is d^mZ^h^T^ ''^^'*^'''^'''^'^'''^'^^'' 

priately. ail s;ni its ^ r^Ss"^ toSl CDuJ^d' ^''['^^^^^ »° P«l«s appro- 

it finishes r^ ^ein. „^_;^:^Sr,tt^re^ J^^^^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



S^uSSr i^^S^ Sr^n^^T^'f *^ decompn^ssed contone data layer from the 

color inve^ion uri^;'co^^^ ^.^'^^ °" ^^^B followed by 

fonned in the horiSni'a^d ^^SSTi^^o^^^^^ Tt^S ^'''"^ 
printer resolutioa Non-integer scalineTZ^^rS so Uiat the output to the HCU matches the 

23.2 Bandwidth requirements 

2r(?.;rL':?re^^^^^ 

direction is perfomied at the ou^ut of iTcFU o^a^^f bv '"IT ^^^""tion in the X 

tion is performed by the CFU rLi^g Z a n^S^'^f « ^"^^ '1^^'' replication in the Y direc- 

DRAM. TTie HCU generates I doUbf-l^Hn ..^^ f«orduig to the Y-scale fector. from 
1 sideper2seconds^or^bIe2A4Slpiti^^^^^^^ 

color contone pixel (32 bits) f^rySF^^^wTs^^r^^'T' ^"'^'i """^ '° ^PP"«* ^* « ^ 

fiom DRAM at S.33 bits/cycle' * PP' CPU must read data 

23.3 Color space conversion 

b^is^cot:^^^^ 

SeL^pJTtS.'S'SS^^ visible^ity when luminance and chrominance 

luminance infoLatiSandt w^^S*ne^^^^ be luminance, but C. M and Y each contain 

fore provide the means i>y Z::c^''^''^l^T^,^^ '^-ce ^les We there- 

sloa F«!»cu w dorin^ as YCiCb. K does not need color conver- 

S^SS'li'SS' S vck:, ^„ „eo 

WCMY. "^^^ '»«ven«l» ROB. «id«»ally back 

Slerr-oM^^rTS:^^^^^ the -^ hardware 

are nomiali^ed to occupy all 256 levels of an 8-bit binSy^i^,S '''''' ' ""^ 

The CFU provides the translation to either RGB or CMY Rr.R ic • 



1 . 32 bits / 6 cycJes = 5.33 bits/cycle 
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^Tcirl""' -^^"i """"^ ^^^^^ ^^^^ <^"-^«or one of: 

• 1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4colorplanes, no color space conversion 

. 4 color planes YCiCbX. convc«ion of YCK* to RGB. no color conversion of X 
The YCrCb to RGB conversion is described in fl41 Note that if a» a * ■ 



23.4 Color space inversion 

may be used to provide plani corrdatS: ^^Z^^'"''^'"' '° ^ °r to 

^"cf" 255 conversion is given by the relationship: 



M-255-G 
Y = 255-B 



Th«e «lgoi«hips require the page RIP to calculate the RGB from CMY as foUows: 



R'=255-C 
G = 255-M 
B=255- Y 



23.5 Scaling 

skould be grealo Ito o, „ ftc demiZ^^fS? W «f U« pixel dau is allowed, i.e. die mmcmm 



if (count ♦ denominator - numerator >= 0) then 
count = count ♦ denominator ^ numerator 
aovance = l 

else 

count = count ♦ denominator 
advance = o 
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23.6 Lead-in and lead-out clipp(ng 



Extra padded lines in the Ydiimion (which niay get scaled un in fK.^r'Fin •« u - 

through the setting of the BottomMargin register ^ ^ ^"^^ ^ «CU 

Extra padded pixels in the X direction must also be iwnowH c« A.* 

get page as necessaiy. aiso oe removed so that the contone layer is clipped to the tar- 

In the case of a multi-SoPEC system, 2 SoPECs mav Kp n.™«— ti * • - 

e.g. SoPEC #1 controls printing of^e \Sfi7^\^tZt^?^^T^^' same side of a page, 
side of the page and shown in Figure 106. The divi^n of th^l ? ^ u°*°'' ^""''"2 "'^ 
not fall on a 8 pixel (JPEG block)boun^ "J^^nr m f ^^^"^ ^ SoPECs may 

blockn below) wai b^ the '-t Jpl&'Zt2^^t;^JpS.Xso^^^^ 

Ime printed by SoPEC #2. Pixels in this JPEr. w«T ■ ^ ^ ^ ^^^^ block in the 

ately setting the WOu^/^^^iS^J^Sis wS^^^^^^^^ ^ ^"P^P"" 

at the beginning of each line TTie number of pU^tot^S^^lf^^^^ '""^ '8"°'«» 

UadlnClipNum register. ^ ^* is specified by the 

It may also be the case that the CDU writM m if mcA> Lt f . 

as shown for SoPEC #2 bel^. ir^r^2.e X ^fS^^^/^ " ^'^^^ 
2>ond to JPEG block m but the value f^f I/lS/aS^^^^^ 

block Thus JPEG block m is not read in by^CH/ ^ correspond to JPEG 



SoPEC «1 
fead-ln area 



SoPEC *2 SoPEC fl 
leac^n area , iead^xit area 



SoPEC #1 prints left 
srde of page 



SoPEC #a 

iead-out area 




SoPEC #2 prints right 
side of page 



Figure 106. Lead-in and load-out clipping of contone data In muW-SoPEC e«vl«,„ment 

il?ng ^^''"-^ *ey an, scaled up to the printer's resolution. The 

wLgistert^s dieTJe ofte^S Siet' "f"",*' Xsta^Caunt register. TT^e HcuLine- 
trols the scaling of the last v^d pi^e £?Snm te H??" ""^'^ ""''"^^ 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



DRAM Jnterface Unit 



_ Contone 
Decoder Unit 



1^ 



decompressed 
oontone buffer 



I 



2^ wr.buff. nl_bm f 



1^ 



wr_ea fd_en 



^ wr_sal(l:Ol n3_aeH2.-0] 



Y-scaJing 
control untt 



K cb cr 

coter space converter 
PP3 cp2 cp1 cpO 



8 



8 



8 > 



YCfChgRQB 



inveft_colorj)lane 



A A A A 



configuration 
registers 



^ llnsS ok 


^ 

to road 


.oontone 
line store 
interface 





/la 



output 
double-buffer 



y^8 



2^ wr_buff, rd^buff 



2^ wr.en. rd_en 



Y t. 



^8/'8/ 



X-scaUng 
control unit 



/^32 



8 



Contone 
RFO Unit 



1 



Halftone/Compositor Unit 



PEP CoatroUer Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 



S5 



Clocks and reset 



pcik 



pcu_rwn 



pcu_dataoirtf31.-0) 



cfu_4)cu_rrfy 



DIU Jnterfece 



cfujdiu,mdf(21:5] 



diu_data[63.*0J 
CDU Interface 



cdu_jcnj_wradv80ne 



cfu_cdu_idadv(ine 



HCU interface 



hcu-jcftj_advdot 



cfu_hcu_avatl 



cfu_hcu_cQdata[7:0] 



jifu^hcu^cl data{7.-0] 



5fc'-hcu_c2dataf7:0] 



c^".,hcu_c3dataf7:0] 



In 



32 



32 



in 



Out 



Btock seie« from the PCU. When pcu^cfu.setis hfgh both 
pcu^adrand pcu_dataout are valid. 



PCU address bus. Only 5 bits are required to decode the" 
address space for this block. « w 



Shared write data bus from the PCU. 



^^^^'l^^'^.^^^"*- F^rawritecyclethlsmeans 
pocdafaoirfhas been registered by the btock and tor a read 
cycle this means the data on cfu_j>cu_d:ate is valid. 



17 



Out 



Out 



In 



CPU jad request, active high. A read request must be accom." 
panted by a valid read address. 



Acknowledge from DIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
pfaced on the address bus. cfujdiu_radr. 



CPU read address. 17 bits wide (256-bit aligned word). 



Read data valid, active high. Indicates that valid read data is 
now on the read data bus. cffu^data. 



In 



Out 



«fine pulse, active high, indicates that the CDU has fin- 

ished wrtftng to 8 Bnes of decompressed contone data to the ctr- 
Oifar buffer in DRAM and the data is available to be read by the 



Read line pulse, active high. Indicates that the CPU has finished 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that Bne of the buffer is now free 



in 



Out 



Out 



pixei on the data lines. 
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23.7.2 Configuration registers 

The coniiguradon register in the CFU are proKiammed via the Prir,n*^^ or. 

r^CT/wT' ^ ^ "^^^ ^^^^ required to decode the address soace for the 

bit(s) of cju^cu^data. The configuration registers of the CFU are listed in Table 1 S: 



Table 102. CFU registers 




0x00 
0x04 



Qo 



Setup registers 



0x1 



0x0 



A write to this register causes a reset of ttie CFU. 



. Writing 1 to this register starts ttie CFU, Writina 0 to this 
register halts the CFU. 

When Go is deasserted the state^achines go to their 
Idle states but aH counters and configuration registers 
Iteep their values. 

When Go is asserted ati counters are reset, but configu- 
ration registers keep their values (I.e. they don't get 
reset). 

The CFU must be started before the COU is started. 
This register can be read to determine If the CFU Is run- 
ning 

(1 - running, 0 - stopped). 



0x10 


MaxBlocfc 


13 


0x000 


Number of JPEG MCUs (or JPEG block equivalents 1 e 
8x8bytes)lnaDne« 1. 


0x14 


Buf^tartAdr 


15 


0x0000 


Points to the start of the decompressed contone circular 
buffer In DRAM, aligned to a half JPEG btock boundary, 
A half JPEG bfock consists of 4 words of 256-bits. 
enough to hold 32 contone pixels In 4 colors, i.e. haff a 
JPEG btock. 


0x18 


BufTEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer In ORAM, afigned to a half JPEG bkx* boundary 
(address is Indusive). 

A half JPEG btock consists of 4 words of 256-bits, 
enough to hold 32 contone pbcels in 4 colors. I.e. half a 
JPEG bkxrft. 


0x1 C 


4UneOffset 


13 


0x0000 


Defines the offset between the start of one 4 line store to 
the start of the next 4 lino store. In Rgure 108 on 
page 294, if eiyfSte/t4dr corresponds to line 0 block 0 
then BuffStartAdr-^ ^UneOffset corresponds to line 4 
block 0. 

This register Is required in addition to MaxBlockas the 
number of JPEG blocks in a fine required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the CDU. 


0x20 


YCfCb2RGB 


1 


0x0 


Set this bit to enable conversion from YCrCb to RGB, 1 
Should not be changed between bands. 1 
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Table 102; CFU registers 



0x24 



0x28 



0x2C 



0x44 



LeadOutClfpNum 



XstartCount 



XscaleNum 



YscaleDenom 



Set these bits to perform bit-wise Inversion on a per color 
plane basis. 

bitO - 1 invert cx)lor pfane 0 

- 0 do not convert 
biti - 1 invert color pJan© 1 

- 0 do not convert 
blt2 - 1 Invert color plane 2 

- 0 do not convert 
bits - 1 invert color plane 3 
Should not be changed between bands 



Uuwber of contone pixels - 1 in a line (after scaling). 
Equals the number of /Tca.cftLc'otad^ pulses - 1 
received from the HCU for each line of contone data. 



0x0 



Number of contone pixels to be ignored at the start of a 
fine (from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction 



Nuniber of contone pbcels to be ignored at the end of a 
line (from JPEG block MaxBtockin a line). They are not 
passed to the output buffer to be scaled In the X direc- 
tion. 



0x00 



Value to be loaded at the start off every fine Into the coun- 
ter used for scaling in the X directkm. Used to control the 
scanng of the first pixel in a line to be sent to the HCU 
This value wiil typically be zero, except in the case where 
a number off dots are clipped on the lead in to a line 



23.7.3 



Storage of decompressed contone data in DRAM 

The CFU reads-decompressed contone data from DRAM in single 256-bit accesses JPFfi hlorW 
decompressed contone data are stored in DRAM with the memory ^Lgemeit ^sho^ ^ ™.e^^^^ 

LT^sUr^^ S the data so tlS; 4 00!^^^^^^ 

S IbS dSSS ^-^^^ ^« ^ from a single line in each 
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ORAM «wonf p 



ORAM word 



DRAM 



4 line 
Store 



DRAM word p+4n 

— ORAM %wofd q 
« 

ORAM wofd 



4ltne 
store 



JPEG block 0 
lines 0 to 3 



JPEG Week 1 
Unes 0 to 3 



JPEG btock n 
(biasotos 



JPEQ brock 0 
Orte84to7 



JPEG block 1 
Iines4tD7 



DRAM word q+4n 



JPEQbfockn 
lines4to7 



255 191 


127 


63 _^ 


) 


C3^0 1 C2L0 


1 CILO 


1 COiO 


1 wordp 


C3^1 t C2L1 


1 C1L1 


1 C0L1 


wordp^l 


Ca||2 1 C2L9 


» C1L2 


1 C0L2 


\MOfd P4-2 


c^a ! ff?i.a,j 


1 CI La 


1 C0L3 


wordpfS 



Si 



255 



191 



127 



63 



r C^l,4 C1L4 , 



C3^ I C2LS t C1LS I COtfi 



C3^e I C2L6 I C1L6 i Cfit ft 



C3^7 I C2L7 i C1L7 i C0L7 



wordq 
wordq^l 
word 04-2 
word q^3 



< "npoes one 256 Kt read of a woid in DRAM 

ex. Color X 

LY - Line V or 8 bytes of a line in a JPEQ t>k>ck 



Figure 108. DRAM storage airangement for a single line of JPEG blocks In 4 colors 

sequence, as shown in Figure 108, is 



The CFU reads data line at a time in 4 colors from DRAM The read 
as foHows: 



line 0, block 0 in *rord p of DRAM 
line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to re«d line « nunber of tiines according to scale factor) 

line 1, block 0 in word p+1 of DRAM 
line 1, block 1 in word p+5 of DRAM 

etc 

The CFU reads a complete line in up to 4 colors a Y scale factor number of time^ fr«r« t^uaxau r - 



23.7.4 Decompressed contone buffer 

fu?^p»J'?Lr^J'r^'' ^\fT " ? ''1^ "^"^ ^ « ^"''^^ X 256 bits 

at Its mput. I he CFU receives the data from the DIU over 4 clock cvcIcq rTui Kite r.f A; i i 

converter. Inreality^eachbufferisactually implemented as a double-buffer of 2 x^^^ 

to^'wr^e/^^^^ ^^^^ double-buffer that writes are to occur 

to. wr^sel selects which double-buffer to write the 64 bits of data to when v^,en is asserted. 
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23.7,5 Y-scaffng control unit 

DRAM in single 256-bit accesses. nSg W L^n ^^TT'^ '""'""^ '^'^ " 

The protocol and timing for read access^ to DtJ^TH^ '^/^ ^ ^^^k cycles (64-bits per cycle). 

-essestoORAMSp.e.e„t^Tvrj^.-,r:t:L^^^^^^ 

s'oSe^tSisrj.^^^"^ 

buff.ok_to_wrUe flags to tell it wlWto^emDt J.^^ ^ °° /«.*_o*_to_W and 

Wben line8_ok to read is 0 ibT^^J^K^^ ^^°^^'^^^'^'''^^^^T>^^ 

space available in the buffeT^ '^'^^ 

that writes are to occur to. **"'"*'"''"<**«'«»e>>'KHr_6H«) for the current buffer 

of data ftom DRAM to the buffer selected bJ"Sf^ ""^"^ *° ^ 

^i^t^-^Sb»':^^^^^^^ 

and rd^el gets incremented To pl)inirL S vlf ttl U^^" ''^ 
wite the data to the output double-biffer of Se ^^.T^it a ? ^""'^^''^ *=y«='« *° 

bill and«/.e«isasse«ed.^^_«v«///>»L*«^tsS!^d'^^^ ^^^^ ^^^^ 

o^^i:^^S;4T^;:,'^o"^- -^^^ befot. the CPU moves 

direction is thus perfonned. °*«'"V'««<i contone data. Scalmg to the printhead resolution in the Y 



// assign road address output to DRAM 
cdu^diu^wadr(21:7) = curr^halfblock 
cdu^diu^wadr[6:5) = lineflrO) 



" /"o . lin- Of contone in up to < colo™ 

pulse RdAdvline - «ni ♦ y-Scale^denom - y_scale_num 

if (line 3) tihAn ^ - 

3) then . // o£ .e-dint, 4 line eto.e of contone dat- 
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J3 



line 



// updato half block address for start ^ . 

// address wrapping in circular buffer Tnd T,/'"%^*'^'''^ '^^'^^""^ 
af (curr^halfblock == buf f.end ad^, the^"*" ' ''"^ 
curr_halfblocJc = buf f.startladr 
lane.scart^adr = buf f_start_adr 
elsxf ((line_scart_adr ♦ 41ine offseti k. 

curr^halfbloOc « buf f.startladr *>""-«nd_adr) ) then 

line_start_adr = buff.start adr 
else " 

rin:i:L'^':^ ^ li--start^adr . .Une.offset 
iine^start^adr = linens tar t.adr * 41ine.off8et 

else 

line •*"«- 

curr_halfblock = line^start adr 
else ~ 

// re-read current line from DRAM 

c«r^raiock° ^7==*^--"""' * y-sc.le_deno« 
^jg^ ^"^"^-"^Ifoiock = lane_start_adr 

block 

currjialf block 
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cfu.diu_rraq s q 
wr^sel t> 0 



cfu_diu_iTeq b o 
wr_8ef ti 0 




C 



cfujdlu /req« i 
wr_$e<sO 
wr_a(Jv.buff = o 



ack 



«LLtftu.freq » o 
wr_sef «o 
wr^acV^tuffKO 



readl 



3 



rffq 



St 



cfu_dai_freq » O 
wr_sel B 0 
wr.adv_bu«!cO 



read2 



c 



J 



cfu_dh4_iTeq = o 
w_sel«: I 
wr,adv_buff = o 



read3 



cfu. 



Ldlu^rreq = 0 



read4 ^ 



wr.sel - 3 
*WLadv_buff=> 1 



FIflurB 109, State machine to read decompressed contone data from DRAM 
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23.7.6 Contone line store interface 



S5 



23.7.7 



beTeSt aT^^' iLT/*:'"^''"" •'^ CDU and are avaUable to 

DRAM wLnthe CDU ii^I' tf;lt7T " f '° ^™ '^'^y "''ly ^ to ,Sdfo,S 

lines, it sends an S:^rSl:XloS:?^^^^ 

CFU may continue reaSfrom DR^t^t 'jf::'!^-'^' « ina^ented by 8. Ae 

set while buffjiru^_avail is greater AanO vSh r?^ « '-^^ *^ ''"^^-^t-^^.^arf is 

from DRAM, the Y-scaling STtmrsenltli^S^ """P'^^'^y a line of contone data 

CDU to free „p the line inL bSerTo^ ^1^3^ ^'"^ ^ 
v//«epulse. ^^•'~^*^"-«'^'''S<lecrementedbylonrcccivingai?*i4rf. 

Color Space Converter (CSC) 

pl™oi.b,p„s., to block. " be •qnalizrt lor ll««h color 
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Figure 1 10 shows a block diagram of the color 



space converter. 



color space"" 
I converteryTnveiter 




— ^ 



-►cpO 



^cp3 



23.7.8 



Figure 110. Block diagram of color space converter 

S'J^.^^g^'S.'^tcl^ bS^^^ o-^^ 10 Of coefficieats « 

version is implemented as follows- ^' ^ " maintained with 18 bits. The con- 

• R*'=Y + (359/256XCr-128) 

• G* - Y - (183/256XCr-I28) - (88/256XCb-128) 

• B* = Y+(454/256XCb-128) 

X^scafing control unit 

the mechanism for keeping track of S c^°nt^^":„?t P™*-- -^"t resolution, provides 
reaa from untU it has been written to. ^ tuners, ana ensures that a buffer cannot be 

that writes are to occur to. * ^^S'* for the current buffer 

-.««v 15 I . rixeis in the lead-in and lead-out areas are 



1. -179issatiiiated toO 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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If (wradv 1) Chen 

if (pixel_count « (max^block, bill) ) then 

pixel_count =0 
else 

pixel_count 
if ( (pixel_count < leadin.clip^num) 

OR (pixel.coxinc > ({max block Kiii\ ^ ^ 
wr_en = o » i-™c-Oiock,blll> - leadout.clip^numj ) ) then 

else 

the next pixel on the data lines. <=J^-'uM_cfO-3Jdata lines and die CFU can now place 

^^Z^'^^^tl.Tu^^ ti-sin-^eXdi^ontop^uce 
algorithm for non-integer scalinTL^cri^dTSe n^f ^"5 ''j^'^^^^<^ by pixel replication. The 
loaded with x^rart_Jun^ after ^Ittfra^fte end of S^J^jf ^'^^^^^ should be 

first pixel is scaled by. Mcu line length sndh^ 2 7^' ^""^t by which the 

line that is sent to the HCU is seated^ ^-'^-'^*<^ control the amount by which the lastpixel in a 

if {hcu_cfu_dotadv ==. i) then 
else 

rS!"':-^""' ° l--Count * ^sc.le_deno» 

else 

X^scale^count = x^scale count 
r'd_en = 0 ~ 

When a „ceived, tuff_a.aa[rajn^ is cleared, and r,J>^-^ 

received^ then a n/_e„ pulse is Z^^TTtf^^l^^^l^""^^^^^^ -nAj^hcu_c/u_dctady pulse is 
i«set to 0 and x^cale_count is loaded with ^^Sr^ ^'^^ ^'''-'^-^''«'« is 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



the number of lines to decompress. AltbouTSr^^J^rf^i^^ ^'^^ (decompressed) line, and 
compression, the LBD can cope with ^a^^SS^I^f S !^ "^^^ '° ^ l 

pass-through mode is provided for hl^ZS Te^^/nt . "T^ ^^"^ ^^"^l^- A 

50:1. Lossless bi-level compression at^^Tll^If'^ ^^''"P^'^s ^th a ratio of about 

which compress poorly. ^ ^ *''^'*«* « -^o"* 20-1 with 10:1 possible for pages 

'^mTl^Is^'-Zr.Z''^^^ dat. decompressed bi-,eve, data is 

unit) for the next stigc in thT pri^S^gVl^el^^^^ ' "CU (Halftoner/Composito" 

is used by .he PCU and is a Jlable i^'fnteL^o fte " 'Wji„«A'''»-«rf control flag that 



■bdj^rshedband 



ORAM 
JmerfeuMirnit 



PCU 


4 


LBD 







Spot FIFO 
Unit 



HCU 



24.2 



Figuw 111. Hloh level block diagram of LBD In eontext 

Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFU 

the LBD in SoPEC can tun mud. fasteTtS^ b iSS. ^ris^el^, f ^^P^^^" 
processing latency, to be absorbed. "qmred. This is useful for allowmg stalls, e.g. due to band 

g™™..! numbCT »f bits I«ch^?5,™, *i, '» =ilh«r end of Ud. or for . pre-pio- 
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i3 



Kbyto of aorage. ^ " »■ »»'>8«. An A3 line of mu dots requires 2.4 



LBD 



64 



DftAMread 



HFO 



SFU 




All RFOs are 64 bytes 
(twice the ORAM data 
word width) 



prevjine 



FIFO 



currjine 











/ 


1 




2 


r 


HCU 1 



y^—^ ORAM write 
ORAM read 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



S5 



BiWevel Decoding fn the LBD 



length encodings. The encoding'are SS^' SlcC '"^'^^^ ^ 



PasaCo mmancf: aO 4- b2, skip next two edges 



E 



It 



1000 

"i 



tie 



010 



110000 



S TO 

ii 

ff 



010000 



Vertical(0):ao^ b1 . color = Jcolor 



Vertlcar(l): a0<^bW 1 . co/or fcofbr 



Veftlca](-l):aOf-bl-i . color = Icoior 



Vefticar(2): aO < 



100000 



<RLxRL>100 



bl •*-2.cofof efcotor 

VeftlcaJ(.2): aO <^ b1 ♦ 2. cotor J^!^ 



VertrcarO): aO 4~ bl ^- 3, color = iooior 



Vefticaf(>3): aO bl . 3. color = fcotor 



Horizontal: aO 4- eO ^ <rl> + <Rt> 

L 



byTi^^^rj.SS'Sdtt^ 3^ ir^^^ -de is activated 

number of bits, whichever is shortcrS^e^ii f"^ °^ °' " P«-progmmmed 

followed by pass through. The pass oZ^^T^t^^ "^^^ f"*^ ^ " ^-length code. 
thanorequalto31. *^^'^~*'''*"'»«*"™»a>ethnm-lengthwithanmofless 



il?!*'!^ 'e»gth encodings 




RRRRRRRRRRtO 



o 

f ^ 
*- o 

§ E 



RRRRR1 



RRRRR1 



SftOft Black Runtength (S bhs) 



Short White Runtength (5 bits) 



RRRRRRRRIO 



RRRRRRRRRR10 



RRRRRRRRIO 
RRRRRRRRRRRORRROO 



Medium Bteck Runtengtti (10 bits) 



Medium Whrte Runtength (8 bfts) 



Medium Blade Runtength with RRRRRRRRrr 3," 
cnter pass through 



Medium White Runtength with RRRRRRRr , 
Enter pass through 



= 31, 



Mr^HHRRRRRRRRRRoo { Lon„ Whi.O R.nU„^ » c K J 



the right to most significant bit at theteftT arc read m the same way Oeast significant Wt at 

f?;^^r c^^r^n^^Sn^t: s £ ss^^ 

pass the data to the LBD as un-compreSd 1^ p1« ? T^""^ '"^^ ^ easier to 

mented in the FECI version of th^LBD^S fte SotT *^ ^ °« i»Pl«- 
thedatastreamisanun-compressedbft^rirSo^^iL^^^^^ 
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J3 



24^.2 



To enter pass through mode the LBD takes advantao» «f a 

of the mnlength paTis less than or eq^tolTSlK^dt Z 7h''"^. "^"^'^ ^'^^^ 
fte coding scheme of Table 104 it is'still lega, to S i^L a mt^l 

been designed so that if a short mnlength value is dl^tJl i!^ runlength. The LBD has 

command containing this rimlength ifde^L .n^^ T^i'" t?''*"" horizontal 

mode and the bits foHowin^he ^lea^. L^^^^ LBD to enter pass through 

either a programmed number of bits or ffe eXlSfZl ^ ''''^ *° ^0"gh1s 
modeiscompletedthecurrentcoloristhe^^^t^SStr^-T^ 

DRAM Access Requfrements 

Table IPS. DRAM bandwidth requiremenu 



Direction 



Read 



Maximum niimber of 
cycJes between eacfi 
2S6-brt ORAM access 



256^ (1:1 compression) 



Peak Bandwidth 
(bfts/cycle) 



1 (t:1 compression) 



Average Bandwidth 



: , ^ t"^^^,, I O .I (io;i compression) 

I : At 1 :l compiession the LBD requires I bit/cycIeor2S6bHscJy25«cydcs." 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietsuy Document 





24,3 Implementation 

24.3-1 Definitions of lO 



Table 106. LBD Port Ust 







MM 

ID 




Bandstore ftignars 

cdu.en(foft)andstore(2i :5] 


1 

17 


In 

In 


Global reset signal " 

Addressofiheondofihecufrembandofdaia H 

256'bit word alloned Drajui artri^A^m 1 


cdu_staftofbandstof e[21 :SJ 
IbdLfinishedband 


17 
1 


In 

Out 


^ress of the start o1 the current band of data. 
256-bit word aligned DRAM address. 
1 LBD finished band sicnal to PCai .nn ,^ ^nntmflrr j 


OIU Interface signals 
lbdLdiu_rreq 


1 


Out 


panled by a valfd read address. ^«w«m- i 


tt>d_dlu_mdfI21:5} 


17 


Out 


Read address to DIU — j 

1 7 hits wide (256^lt afigned word) 


1 wii_nxj_racK 


1 


In 


t^^T^^ from DIU that read request has been 
accepted and new read address can be placed on 
tDa^aiu_ra<tr. ] 


1 diu.dalaC63:0j 

1 dlu_lbd_rvaiid 


64 


In 


Data from DIU to SoPEC Units. 1 

First 64^its Is bits 63:0 of 256 bit word 

Sj^d 64-bfts Is bits 127:64 of 256 bit word. 

™rd 64-bits Is bits 1 91 ;128 of 256 bit word 1 

Fourth 64-bhs Is bits 255:192 of 256 bit word. 


PCU Interface data and control slj 


1 

gnals 


In 


on the dtu_^data bus 1 


j pcu_addr(5:2j 

1 pcu,dataoutf31 :0? 
1 ^bd_pcu_datain[31:0] 


4 

^32 
32 


In 

In 

Out 


PCU address bus. Only 4 bits are required to decode the 
address space for this block. oecooeme 

Shared write data bus from the PCU. ( 

Read data bus from the LBD to the PCU — 1 


j F>cu_rwn 

I pcu_lbd_sel 

j lbd_pcu_rdy 


1 
1 


In 
In 


Common read/not-write signal from the PCU | 
Blo(^ select 

pctcadidrand pcu^dataout aie valid. | 


SFU Interface data and control sigr 


1 

afs 


Out 


Ready signal to the PCU, When Ibd _pcu rxSv Is hiah it in'^Tl 
cates the lastcyde of the access. F^fTwrne ^^f tl^s 

for a read cyde this means the data on tbd^_^tain is 


j shijbd.rdy " 

1 <bd_sfu_advline ^ 
L 'W^sfu jrfadwwoid j 


1 1 

C 

c 


n 1 
I 

i 

Xjt J p 


=^eady signal indicating SFU has previous line data 
ivarlabie for reading and is also ready to be written 

0. 

^nce line signal to pre^uB and next line buffers 
Advance word signal for previous line hriffAr 
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Table 106. LBO Port Ust 



S3 



sfujbd_pldataf1 5:0] 



jbd,sfii,wda taf1 5.-01 
f 'bd^sfu^wdatavalM 




Out 
Out 



Data from the previoua Hne buffer. 
Write data for next frne buffer. 



Wffte data valid sfgnaf for next Kne hoff^r w.,#a" 
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S3 



24.3.2 ConHguration Registers 

Table 107. LBD Configuration Registers 




0x04 



Go 



Setup registers (constant for during processfng thT paqe^ 
UneLength 



0x0 



A xvrlte to this register causes a reset of 
the LBO. 

This register can be read to indicate the 
reset state: 

0 - reset m progress 

1 ' reset not in progress 



Writing 1 to this register starts the LBD 
Wrttfng 0 to this register halts the LBD, 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go Is deasserted the state- 
machines go to their idle states but ail 
counters and configuration registers keep 
their values. 

When Go is asserted atl counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The LBD should only be started after the 
SFU is started. 

This register can be read to determine If 
the LBOisninning 
(1 ' running, 0 - stopped). 



0x08 



OxOC 



0x10 



PassThroughEnabfe 



PassThroughDotLength 



16 



1 . 



16 



0x0000 



Oxt 



Width of expanded bi-level fine (in dots) 
(must be a multiple of 16 bits). 



0x0000 



Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the IBD 
compatible with FECI. 



Number of dots for which pass-through 
mode wifl last. If (he end of the line Is 
reached first then passthrough will be disa- 
ixed. 




(25e-bit aligned DRAM address) 



0x18 



NextBandUnesRematning 



15 



OxOOOO 



Shadow register which is copied to 
CurrffeadAarv/hen (NextBanaEnable ^ i 

NexmandCunBeadAdr i^ the address of 
ttie start of the next band of compressed 
bi-tevel data In DRAM. 



Shadow register which Is copied to Unes- 
Remaining viher\ (NextBandEnabio ^= 1 & 
Go 0). 

^extBandUnesRemaining 'ts the number of 
Unes to be decoded in the next band of 
compressed bi-level data. 
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Table 107, LBD Configuration Registers 







IP 






1 0x20 








^•■wwn icyi^ier wnicn is oopiea to ProV" 
UneSourcewhen (NaxtBandBnabte » f 
^ Go s« 0). 

1 - use the previous Une read from the SFU 
~i vicwvwing me nisi una at trie start of the 
next band. 

0 - ignore the previous Une read from the 
SFU tor decoding the first One at the start 
of the next band (an alt O's line Is used 
instead). 


1 Wbrk registers (re 


NextBand&iable 
ad only for external access) 


1 


0x0 


tf (/Vextaandena«e=» 1 & Go«= O) then 
'NexmandCurrReadAdrlB copied to 
CmBeaOAdr, 

•NesemandUnesRemaining ts copied 
to UnesRemaining, 
'NaxtBandPrBvUneSourcB is mnioH 
to PrwUneSoarce, 
'Go is set. 

-NexXBandEnatJlQ Is cleared. 
To start l-BD processing NexmantSEne^a 
shotdd be set 


I 0x24 


CurrReadAcfr(2t:5] 1 
<256-bit aligned DRAM address) 


17 




The current 2S6-Wt aligned read address 
within the compressed bNevel image 
(DI^M address). Read only register. 


0x28 


UnesRemaining 


15 




Count of number of lines remaining to be 
decoded. The band has finished when thfe 
number reaches 0. Read only register. 


0x2C 
I 0x30 


PrevUneSource 


1 




1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next barxj. 

0 - ignores the previous iine read from the 
SFU for decoding the first line at the start \ 
of the next band (an aii 0*s line is used 1 
instead). 1 
Read only register. 




CunrWriteAdr 


15 




The current dot positfon tbr writing to the 
SFU. Read only register. 


1 0x34 


RrstUnaOfBand 


1 




Indicates whether the current line is con- 
sidered to be the first line of the band. 
Read only register. 







24.3.3 Starting the LBD between bands 

J^reif S^^at^d^:^^ " ^''^^ T ^ ^ for the compressed 

Dana, wnilc the HCU continues to process previously decoded b;-level data frotn the SFU 
* mechanisms for restarting the LBD between bands: 

: Page 308 




^^h£^^t<^f^T^ ^ '"!f '° "^^ LBD will have stopped and cleared its 

the LBD '^«'^''«^^i'«e5oun« shadow registeis. and sets NextBandEnable to restart 

ZS^Te fo^n^ ''^^•^ -ts 
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24.3-4 Top-level Description 

A block diagram of the LBD is shown in Figure 113. 



ORAM Interface UnH 



s64 ^ 



07 



losslsss bl-lAvel 
decoder unit 



Stream 
Decoder 



2y 



^pass_thiough_doCtef)flm 



_pass_thfouflhLenafate 



A — ▼ ^ ^ 



prev^Une^source 



Register and 



fines^remalntng 



Bne.length 



Conunand 
Controller 



15. 



1 

i ± 



Jbd,fiftbhedband 



Next Edge 
UnJt 



UneFiU 
Unit 



I Ibd.sfu 






sfu a 


— — 1 ^ 




1^ Idb^iftf^edviif^ 


data 


16 IbdLSfu wdata 


datavaOd ^ t 

'wdatavalW 


J - 1 ^ 



End of Band 
Unit 



pfadvwor j 



ibd.pldata 



Previous 
Line Buffer 



Spot FIFO 
Unit 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bMevel decoder 

The LBD contains the following sub-blocks: 
Table 106. Functfo nai sub-blocks In the LBD 

^ .^al^ ^ .^^^.^ 

flf ^ritl^rrl^**'"'*'*^" Also genemtes IhTGolindiho 

Heset signals for the rest of the LBD 



Registers and 
Resets 



Stream Decoder 



Command Controller 



Next Edge Unit 



iS^rf^lIII! ''*"Ir^' ^description from the DRAM through the DIU Inter- 
men passes to tne oomniand controller. 



Interprets command from the stream decoder and provide the Kne fill" 
Drovils 1^1^^"^ «.nd color to fifl the SFU Next Une B^r It ateo 
provides the next edpe unit starting address to took for the next edge. 



JTlST.f * "''"9 current address to find 

fte next edge of a cotor provided by the command oontrolter. The next 
edgeumt oujuts this as the next current address back to the comn^d 
controller and sets a valid bit wh en this address is at the next ^ge 



i!^ ^nf^ ^S** "?* ^'^^ «>'or from its current address up to a 
limit address. The color and BmN are provided by the command con^ter 
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24.3.5 



Naming of signals and logical blocks are taken from [18]. 
The LBD is able to stall mid-line should the SFIJ nn^iku i 

line frame due to band processing [^cy ^^^^ " ^"^"^ " '^^^'^ a current 

Registers and Resets sub-bfock description 

•e- V.C n=si«.rd«^p5,L fori. S^i^^^-H^ 1»« CDU d»p»„isB a»» 

tBD ignores 11« p,cvio» Itoe JoZSo L^SS^SllS.-.^."" »»i » • <> is wnWn the 

lira regsrdless of wlut lie out of the SFU is ™ a » « leoorang zeros for the previous 

pressed data stream. "^uesong <iata from the DIU and conrnience decoding of the com- 

/■ 

24.3.6 Stream Decoder Sub-block Description 

the empty space created by thl b^l I^Tft S'SS V ^''^ ^^'^ "P 

into a command/arguments pair, which in t^^s^^ S tS^Ld cSu«' ^ ^^'^ 
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A <taiaflow block diagram of the stream decoder is shown in Figure 1 14. 
r ORAM Intertace Unit 




Figura 114. Stream decoder block diagram 



24.3.6. 1 DecodeC - Decode Command 

The DecodeC logic Encodes the command from bits fi rt r.f u * -.— 
mands: SKIP, VERTICAL and RUNLEmTH U^^^ I '^f 
consumed, which feeds back to thT^SfftJ^^^P"'^'*" *° how many bits were 

There is a fourth command. PASS THRniint^ u • 

special runlength. If the ^^t^^^^l'^l::^'^ " ^-^^^ « inferred in a 

as a medium nmlength this tell the Strean^^S^^^!^,?^'^'' " f *an 3 1 . encoded 

length is decoded completely the LBD^«SS ^T^*^, containing this run- 

be a number of bits that represent un-co^^s^^d^J^Rn ^^"^'^^ "^^'^S'^' ^" 
all these bits have been decoded succes3?tS1S^., ^ ^ P^^-^HROUGHuxod^, until 
or the line ends, which ever comes IbS ^' o^^ur once a programmed number of bits is reached 

24.3.6.2 OecodeD - Decode Delta 
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and the current command. 
24.3.6.3 State-machine 



fetch ftom the command controller another RUmpi^r^^H 1 •nstruction 

24,3,7 Command Controller Sub-block Description 

ing address to look ^ th« ne^ ^ !. • P'o^<J« the next edge unit with a start- 

aot?*I 'al^'^S^fi? n'^r ^ "'^^^ ' ' '^ta names such as 
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Figure 115, Command controller block diagram 



24.3,7.1 State machine 



Tile following is an explanation of all the states that the state machine utilizes 
i START 

a AWAFFJUFFER 

The NEU contains a buffer memory for the data it receives from the <5PTr wi,-« *v ^ 

mand controller can proceed to the PmSI^ NEUJiUNNING state. Once this occurs the com- 
Ui PAUSEJCC 

SSSt^n^Ti? ^.P^'"''"* FIFO in the stream decoder to get starved of data if the 

DRAM ,s not able to supply replacement data fast enough. Additionally the SFLI JHio^o^ii i ,• 
due to band processing latency. If either of these cases S;^^!^^^^^^^ Zs^t^M^^ 
decoder gets more of the compressed data stream from the DRAjJl or th« ^ct? "nt«l the stream 

oecoaer; or ifsfiijbd_r^ goes to zero and that the LBD needs to pause. PAUSE CC is the state tZ*^ 
PARSE 

"^o^r^^tZT"'"] ^^^f it uses the infomiarton that is supplied by the stream 

d^oto tl^t thti^^^^^ r u "^'^^ ^^^^^ informing the str^ 

ecoder that the current register uifonnanon is being used so that it can fetch the next command 
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When in this state the command controller can receive one of four valid commands: 
a) Runlength or Horizontal 

For this command the value given as delta is an intpoM-tW J—., 

that must be added to the cuSnt line. ^ ^"""^^ ""^^^ ''^^''^ «^nt color 

Should the cmrent line position, aO, be added to the delta anH tw u . . 

the current frame being process;d by the Line FiU uSt fo^Tv ^1,^^ . ^T''"^ ^ ^'''^'^ 
mand controller to wait for Ihe Line Fill JSin rl nr^ ! " "«*ssaiy for the corn- 

changes into the ff^MT^ORJil^^TH s^r^Mc l^ZZ "^^ '^"^'^ 

troUer signals this to the rest of the LBD and then r JS^^ to te STAR^^^T" ^ "^^^ 
bj Vertical 

When this command is received, it tells the command controller that Jn A. „ • . - . 

change from the current color to opposite of tlw^„riT.^K " »° ^^^^ » 

the current position in the pievioXe for ^ W i ' "^^'^ " '"^^^^ ^^O"* 
blacloItisimponanttono^thatifabr^^tSC^e^^^^^ 

?Z Sr ^-^^^ — ^ - refer to 

clement on the previous line for V^rT^^r^^T " ""^ ^ *° '^^'^S 
correspondtoth^twobi.sex;rafrom^rgSiS:m::t&^'^^^^^^ 

c) Skip 

c^'h^S^'i'Tistel^^^^^^f ^.--<^ ^ *e color in the current line is not 

that the command cJnSr J^fe^ret^ ^ *^ commands 

the current color in^ca^^^ " commands and has been coded not to chang^ 

4) Pass Through 

^'^:^:tc:Z''^ra.T''' -ppues o„e per clock cycle that is uses to construct 
LBD can rec^eS^^oS^^^mpS^" ""^i?^^ '^"^"^^ " ^^°<'^' 

color as the last bit in u^-^p^^^d Z^Se^P^^^ ^.ode is the same 

command controller as eacJSth~u^c^S^H^ ^h"? ^ ^^^-^ i« the 

cessed in one clock cycle ^ command received from the stream decoder can always be pro- 

V WATTJPORjaJNLENGTH 

clock cycle the corned conioU °^^°^^^^^ ' ^I^^^J"'^" ^CWLEA^Cm After the first 
^fArGTT/datahas^^ciS^^i'^,;^^"?^ until all the RUN- 

controller will return to the pSsST " '^'^ *^ '^^'^ 

W WATTJfORJfE 
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v/i FINISH JJNE 

At the end of a line the command controUer needs to hold its data for th*. qpt t k^*- • ^ 
START state. Con^dcontroUerrc^ai. in thc^WSr^^^^^ 




Figure 116. State diagram for the Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 

troller that the edge l^£^n deL«S ?j^e m 'u * ^''^ *° ^^'^ ^^'^ Command Con- 

tms case the NEU will request n.o« words ftom the SFU -^d'^iX ^^^g-^l^Xt w'S^^ 
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tinue doing this until it finds an edse or reaches th^ «f .1, 



Line 

HIl 
Unit 



15. 



.COJOf 



n 



Command CorUrolter 



if 
IS 



15 



JLJL 



state 
machine 



oontnol 
sfgnais 



^5/ 



Stream Decoder 



detect 
edge 



P^_Bno a 

N — t 



16 



16 



bufler 



pibuff_fdy 



.sfujbd^pldata 

— 



16 



Ibd. 



.sfu_plarfvwot|g 



Next Edge Unit 



SFU 



Figure 117. Next Edge Unft block diagram 



24.3.8.1 NEU Buffer 



struct the cunent frame of the current line ™°"™»«>'^ ^ « from the previous hne to con- 



Doc: SoPEC^hardware design 
Version: 2,3 



S3 Proprietary Document 



29TTov 2002 
Page 317 



SoPEC : Hardware Design 



S5 



ftame it needs it on the next clock cycle to maintain a decoded rate of 5 Kit. ^1 i, . . 
detailed diagram of the buffer in the fku is shown in Fi^ u? ^ '^"^^ "y"'"- 



16 



use^prev.Rne.a ^ ^ 



16 



pl_buflLrdy- 



y 



16 



pLbaff.rdyLdPy 



Figure 1 1 8. Next edge unit buffer diagram 

SecJ^aJ^d^ltt^^c"^^ are two 16-bit vecton;. use^re^Jine^a and use^re^.Jine that arc used to 
detect an edge that is relevant to the current line being put together in the Line Fill UnTt 

24.3.&2 NEU Edge Detect 

The iV^C/ Edge Detect block takes the two 1 6 bit vectois supplied by the buffer and based on the current 
line posmontnthecurrentIine..0.and the current color. .^^^^^^^ 
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use^prev.Mne,a 



15 



16 



IT 



use_prBv^lina_b 



hi, 



I 



in. 



tiansition_wtob 



tiansflior>_btaw 



19^/ <tecode,b_e>rt & decode.b & FIRST J LU_WRJTE 
19i ■ ^ 




bip 

Figure 1 19, Next edge unit edge detect diagram 

The two 19-bit vectors produced enter into a multiplexer and the output of the multinlexer V.«T,tr«ii-^ v 
color_neu. color_neu is the current edge transition'Ulor that the eS^^e^ls^S^; f^^ 

2enS"^ ""^^ •»"l«Pl«'f « unasked against a 19-bit vector, the mask \s comprised of three parts con 
catenated together: decode_b_ext. decodejb and FIRST_FLU_WRITE. 

'^r^ZxllZt^^'^^'^f r"""'""? *''-'''^--*'--) ^' the transitions in the 16 bit 
uiu umxis unaer review. The decode Jb \s a mask generated from aO. In bit-wise tem« a11 th^ h.>c 
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Tabfe 109. Decode^b truth table 







0000 


1111111111111111 


0001 


1111111111111110 


0O1O 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 


1010 


1111110000000000 


1011 


11111000O00O00O0 


1100 


1111000000000000 


1101 


1110000000000000 


1110 


1100000000000000 


1111 


1000000000000000 



Table 110. Oecode.b^ext truth table 







Vertical(-3) 


111 


VenicaI(-2) 


111 


VerticaJ(-l) 


Oil 


CyTHERS 


001 



is imarinaxilv set at a J^tiZ^Z »u I . ^ ^'"^ element. aO. on each coding line 

menr'Z^^itt^C^^So^^^^^ ? - ^ P'^' ele- 

is only used by the AT^C/if it irnotm^vi^ ^T-^!- ^ ^''^ for every single frame. However it 
assert d at the begii^ of a ,^e! ^ i^//J^^LC/_ Wi/TE is • r which is only 

element if cS«S^° STm^nc^^ t °f *<;"^gmary changing element situated after the last acLl 
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24.3.8.3 Encode_b_one_hot 

block. 1 11 lists the truth table outlining the fiinctionally required by this 

Table 111, Encode_b_one_hot Truth Table 



XXXXXXXXXXXXXXXXXX 



XXXXXXXXXXXXXXX1000 



XXXXXXXXXXXXX1Q0000 



XXXXXXXXXXXX10Q0O0O 



XXXXXXXXXX100000000 



XXXXXXXXX1000000000 



^^x^oooocxioooooooooo 

XXXXXXX1 00000000000 



XXXXXX1000000000000 



xxxxxiooooooooooooo 



xxtoooooooooooooooo 



X100000000000000000 



0000000000000000000 



<'ooooooooo66ooooi 00 



0000000000000010000 



0000000000000100000 



0000000000010000000 



0000000010000000000 



0000000100000000000 



0000001000000000000 



0001000000000000000 



0O10O00000000000000 



0100000000000000000 



1000000000000000000 



0000000000000000000 



24.3.8.4 £ncode_b_4bit 



o^^toii'^t'^'^ '"'^^ "'"^^ ^-^^ ^ ^ to dere^ine the address 

asserted tbc bit locationin A^ctor is^e^^^ "^"^ ^ P'""" ^"^^^ '^'^^''^ « » »»« 
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for V(n)blp = X ^ n modulusl6 
where x I3 the number that was extrar^t-oH ^^^^ -1.^ « 

command. extracted from the •one-hot' vector and n is the vertical 



24,3.8,5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) state machine 

The following is an explanation of all the states that the NEU state machine utilizes, 
/ NEUJSTART 

This is the state that NEU enters when a hard or soft reset occurs nr u.v,^r, r-^u u ^ ^ ^ . 

u NEU_FILL_BUFF 

Before any compressed data can be decoded the AK£/ needs to fill up its buffer with new data ftotn the 
iii NEUJiOLD 
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T^V waits in this state for one clock cycle while data requested from the SFU on the last access 
iv NEU^RUNNING 

V N£U_£AfPTr 

NEU waits in this state while the rest of the LRn finicv.^^ ^ 

NEU leaves this state when Go £eSd«i^d *e completed line to the SFU. The 

the LBD. ® tteasserted. TTus occurs when the end_ofJine signal is detected from 
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24.3.9 



Line RII Unit sub-block description 

when it has put together a complete le-bk^nJ. > Conuiumd ControUer and 

that the datal valtl by i^bKe 

s?j;t^th'eTnd^^t,rnei^^^ 



A dataflow block diagmm of the line fill unit is shown in Figure 1 19. 



Next 
Edge 
Unit 



Stream 
Decoder 



command contiioiler 



IS, 



hoM,sd_ootoi? 



vmlnus.zBTo 



command 



delta 



Machine 



line flii unit 



4 Omit 



Ifti.state 



<»tor_set,i61)JLn ilne.filLdata 



16 



16 <^ 



work_«fu_wdata 



i&Jbd_slij_wdata 



tt>d,sfti^%%^datavaid 



lbd_sfii. 



SFU 



Figure 121, Line fill unH btock diagram 
The dataflow above has the following blocks: 

24.3.9.1 State Machine 

lUe foUowing is an explanation of all the states that the LFU state machine utilizes. 
i LFU^START 
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data to the SFU with wrifZ-^oW • , V, ^ * " completed the LFU will output the 
itt LFUjCOMPLETEJiEG 

machine also mainSns a cheik on SeZ^ el^^^^^^^ of ,rf_cofor. The state 

Uje next that tneans that a fi^/^ t'mKSrd^^fan'L'^^^^^ rth"'"^' 




Figure 122. State diagram for the Line FfH Unit (LFU) state machine 

24.3.9.2 iine^WLdata 



if (Ifu.state == LFU.START) OR (Ifu^state == LPU new REG) then 
work^sfu^wdata « color^sel_l6bit If -«isw.REG) then 

else 

work_6fu_wdataC(15 - liiaic) downto limit] = 

color.ael_X6bit.lfr (15 - limit) downto limit] 
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25 Spot FIFO Unit (SFU) 

25.1 OVERVfEW 

^^^^^ 

affectinjr either IcL^ofHcTl]? ° "5"""^ decreased without 

both the horizontal »nT::j.rx"r:^.„ 4^!!.™?.?^^^ Non-integer scaling is supported in 

but nuty be prognunTdrSe^SS ^ ««^' will be the same ia both directions 

25.2 Main features of the SFU 

The SFU replaces the Spot Line Buffer Interface fST nn in deoi -m. 

DRAM.. ^ t*'-^') ™ PECl. The spot line store is now located in 

^^"'r.'LTr^!:^^'^^^ LBD and outputs the 

width Of 16 bits. The SFU interfaces^c HCU ^^^^wi^^^.f J*^^ ^ SFU with a data 

^^tl^^^^ti^S'oTl^.i^^^^^^ 

for^SFU reads ofORAMwordsat the end ofalS^^^^^^^^ 

£Bl,^e^a^1?u",^*,i°°^^^ 

»^^y«_arf.//>^ strobe lh>m^eSS(^o SafsTZcd^ " h""]^ 3"!!? until after the iim 
that the SFU is available for ^l^^^^^^'^^'^'^^^'f^'^'-^^ 
Ibd sfiiDladvwonl teXis the «?FIT ,^^1 . ™ ^° advance to the next line. 

SPU a available fcr bo<h leadias and .vrtiaTrbl^JS^ "° '"S*. ff'J^-rdy mdicatts tlm Ihe 
X «1<I Y noQ-Uttegar scaling of the bi^evel dot <lala is performed in the SFU 

.«..ies. . Si.,. ^'^» - - ss^r^x'S^-:^ 
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25.3 Bl-LEVEL DRAM MEMORY BUFFER BETWEEN LED, SFU AND HCU 




high address 

> lbd_nextMne_adr 

fbdj^revline.adr 
hcu_readline_adr 
^ hcu_startfead!ino_adr 

low address 




high address 

lbd.nextlrn0.adr 

hcu_readline_adr 
lbd.pr0vline.adr 
> hcu.startreadiine„adr 

low address 



(a) 

Key: [ I Free buffer space 

Riled buffer space accessed by LBD Internee FIFOs 
S>3 Buffer space read by HCU Read Una FIFO 

O ''"'^^B^'-SPaoereadbybQlhHCUReadUneFIFOandLBDJnterlaceFIFOs 

Figure 123. BMevef DRAM buffer 

before the HCU read line address in DRAM. previous line address reading 

The SFU interlaces to DRAM via flirec FIFOs: 

a. The HCUReadUneFlFO which supplies dot data to the HCU. 

b. The LBDNextLineFIFO which writes decompressed bi-level data fiom the LBD 
cThe LBDPr^LineFIFO which reads previous decompressed bi-level data for the LBD. 

There are four address pointers used to manage the bi-level DRAM buffer: 

a. hcu_readline_adrpi:5J is the read address in DRAM for the HCUReadUneFIFO 
"'^hS^„;^fS'-'^ " ^ being read by 
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/ril l " "^''"^ Z^^^«^zW.F/^0 

n.e add«ss pomters must obey certain rules which indicate whether they are valid- 

"td-^^-:^rm:S ""ir ^''"^ - Ae line than ■ 

nVLadrvcdid is initially inS lbd_nexibne_adrpi:5] even though 

f. nie address pointers can wrap around the SFU bi-level store area in DRAM 

can beusefulforabsorbing local con,p,exiti?Sc;:f"^^^^^^ 



25.4 DRAM ACCESS REQUIREMENTS 



f^^^^^r ;;pt ^ ' ^ « ^l^d b^ween the 

vious. cuxicnt and next line interfaces. "^^^^^^^ ^'^^^'^ <>f Pre- 

The SFU's DIU bandwidth requirements are summarized in Table 1 12. 



Tabte 112, DRAM bandwidth requirements 




I: Two separate reads of I bit/cycle. 
2: Write at 1 bit/cycle. 



25,5 SCALING 



"cX:?:zt^T.iLt.";^^ o^-*- - th. the 

factor represented by a numerato^^ra S^om W^?^, 'T""^ non-integer scaling with the scale 

the numerator sboul5 be ttTor ^^Tft?^''- T ^ ^'"^^d. * 

greater man or equal to die denommator. Scaling is implemented using a counter 
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as described in the pseudocode below. An advance pulse is generated 
line (y-scaling). 



to move to the next dot (x-scaling) or 



if (count + denominator >= numerator) then 

count = (count ♦ denominator) - numerator 

advance = 1 
else 

count ^ count ♦ denominator 
advance = 0 

X scaling controls whether the SFU suonlies thp ^^.^ ^ ^ ^ 

asserts Ac«.4/w cdvdot. Jbc SFUcouS^Sni^Wh^^f J / 1^. '^^'^ "C" 

SFU has ^^Fed an cntiTHOJ Ita^S^ JJ^TSi?^^^^ ^™ "^U. When the 

advance tothLe.HneofHCU^^^^IS^^^'^n^ui 

An example of scaling for nuwewito.- 7 and rf«/»m,>wtor = 3 is Riven m 

asserted causes the next inputdot to be output on thenextcycle!oT^^^X^^ 

Table 113. Non-integer scaling example for scaleNum = 7, scaieOenom = 3 





M 




0 


0 


1 


3 


0 


1 


6 


1 


1 


2 


0 


2 


5 


1 


2 


1 


0 


3 


4 


1 


3 


0 


0 


4 


3 


0 


4 


6 


1 


4 


2 


0 


5 



25.6 Lead-in and lead-out cupping 

mmmmmmm 
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25.7 Interfaces between LDB, SFU and HCU 



DIU 



jStu^lbd_pld ita 1§ 



LBO 



Oxj.sflLptec /word 



Ibdjsficadv he 



lbd_sfu_adv cne 



oru Interface 
and 
Address 
Generator 



T 



PrevloiisUne 

mm 



*xl_shi_wdi ta 16 
ltxl_sfu_wdi tavaHd 



.rdy 
nlf_rtly 



NextUne 
RFO 



Current Une 
FIFO 



^ — 

t sfu. 


.hcu_8data 


sfu 


hcu^avail 



SFU 



HCU 



Rgure 124, Interfaces between LBO/SFU/HCU 

25.7.1 LDB«SFU Interfeces 

^i^'sm"'"^ "-^^ "^"^^ the next line to the SFU and reads the p^ous 

25.7.i. 1 LBDNexUJneFiFO Interface 

'^^^^^^^^f^'O 'ftorbc^ fiom the LBD to the SFU comprises the foUowing signals: 

• lbd_sfu_wdata, 16-bit write data 

• lbd_sju_wdatavalid, write data valid. 

• ^W_4;5/_/rifv./i>,e. signal indicating LDB has advanced 

25.7.1.2 LBDPrevUneFIFO Interface 

^^^^^r^J'^jf^^,^!^'^^'^ '° <^^sts the foUowing signals: 

• sju_lbd_pldata, 16-bitdata. 

""'S? 1^/ ^If ^ ^'^'^T ^"^"^ '° ^^"^"^^ ^^"owing signals: 

/66L^A-^/a^arrf, signal indicating to the SFU to supply the next 16-W^ 

• Ibd^fii^advUne, signal indicating LDB has advanced to the next line. 
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Previous Unc data is not supplied until after the first Ibdjsju^advline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert Ibd^fu^ladvword unless sfiijbd_rdy is asserted, 

25. 7. f . 3 Common Control Signals 

sjujdb_rdy indicates to the LBD that the SFU is available for writing. After the first lbd_sJu_advHne and 
before the number of Ibdjsju^ladvword strobes received is equivalent to the LBD line lengthy 
sjujdb^rdy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbd_sfii^ladvword or lbd_!sfii^advline strobes until sjujdb _jdy is asserted. 

25.7.2 SFU-HCU Current Line FIFO Interface 

The interface from the SFU to the HCU comprises the following signals: 

• sfujicu^sdata, 1 -bit data, 

• sjujicu^avail. data valid signal indicating that there is data available in the SFU HCUReadLine- 
FfFO. 

The interface from HCU to SFU comprises the following signals: 

• hcu_^_advdot, indicating to the SFU to supply the next dot 

The HCU should not generate the hcujsju^advdot signal \mtil sjujicujavail is true. The HCU can there- 
fore stall waiting for the sjujicu^avail signal. 
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25.8 Implementation 

25^.1 Definitions of lO 



Table 11 4. SFU Port List 







IISI 




prsi_n 

OiU Read Interface signals 

sfu_jcUu_rreq 




Out 


Gfobar reset signal. 

SFU requests DRAM read. A read request must be accom- 
panied by a valid recuj address. 


sfu_dru_fadr[21:5J 


17 


Out 


Read address to OIU 

17 bits wide (2S6-bit afigned word). 


dru_8fu.rack 




In 


Acknowledge from DIU that read request has been 
accepted and new read address can be frfaced on 


diu.data[63:0} 


64 


In 


Data from DIU to SoPEC Units. 
Rrst 64-bits are bits 63.-0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-Wts are bits 191:128 of 2S6 bit word. 
Fourth 64-bits are bits 255:192 of 256 bit word 


1 dfu.sfu.rvab'd 

j DIU Write Interface signals 


1 


In 


agnal from DIU telling SoPEC Unit that valid read data 
the diujcfata bus. 


1 sfu dltl UtffiPn 


1 


Out 


SFU requests DRAM write. A write request must be accom- ' " 

panied by a vaRd write address togetherwrflh valid write data 
aiKl a write valtd. 


1 8fu_diu_wadr(21:S] 


17 


Out 


^Wrlte address to DIU 
1 7 bits wide (256-brt aligned word). 


1 diu_8(u.wacfc 


1 


In 


Acknowledge from DIU that write request has been 
accepted and new write addrese can be placed on 
sfu_(iiu_waar. 


J sfu_diu_data(63:0] 


64 


Out 


Data from SFU to DIU. 
Rrst 64^ts are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 258 bit word. 
Third 64-bits are bits 1 91 :128 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


1 slu_diu.%waiid 
PCU Interface data and control sifi 


1 

tnals 


Out 


Signal from PEP Unit indteating that data on sfu^dfu^data Is 


1 pcu_addr(5:2] 1 

1 pcu.dataout[3l:0J ' 
1 sfu_pcti^dalain[31U)l 


4 

32 
32 


In 
In 

Out 


PCU address bus. Only 4 bits are required to decode the 
address space (or this block 

Shared write data bus from the PCU 


1 pcu_iwn 
1 pcu_8fu_8el 


1 

• 1 


(n 
In 

i 


Read data bus from the SFU to the PCU 

Common read/not-write signal from the PCU 

Block select from the PCU, When pcu_$fu sells high both 
pct/_addr and pocdataoi/rare valid 
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Table 11 4. SFU Port List 



sfu Dcu_rdv 


mm 

^^^^^ 








LBO Interface Data and Control S 


iJgnals 




Heady signal to the PCU. When sfu^jycu^idyls high It Indi- 
cates the last cycle of the access. For a write cyde this 
means pcu_,dataouthas been registered by the block and 
for a read cyde this means the data on sfupcu datam Is 
valid. " 


sfujbd_fdy 

tbd_sfu_advane 
fbd_$fif_pladvword 
sfu_fdb_jjldataI1 5:0] 


1 

1 
1 

16 


Out 

In 
In 

Out 


Signal mdicatlon that SFU has previous line data avaflaWe 
and is ready to be written to. 

Une advance signal for both next and previous lines 
Advance word signal for prevfous line buffer. 
Data from the previous fine buffer. 


Ibd^s^^wdatatlS.-OJ i 

lbd_8fu_wdatavalid 

HCU Interface Data and Control S 

hcu_sfu_advdot 

sfu_hcu_sdata 
sfu_hcu_avan 


16 
1 

Ignals 
1 

1 
1 


In 
In 

In 

Out 
Out 


Write data for next line buffer. j 
Wnte data valid srgnaf for next line buffer data. 

Signal indfcating to the SFU that the HCU is ready to acceot' 
the next dot of data from SFU. 

Bl-level dot data. 

Signal jndicatlng valid bMevel dot data on sfu_hcu_sdata. ' 
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25.8.2 Configuration Registers 

TabfellS. SFU Conffguration Registers 




Setup regteters (constant for during ptx)ce8slng the page) 



0x1 



0x0 



A write to this register causes a reset of 
the SFU. 

This register can K>e read to indicate the 
reset state: 

0 • reset in progress 

1 - reset not In progress 



Writing 1 to this register starts the SFU. 
Writing 0 to this register halts the SFU. 
When Go is deasserted the state- 
machines go to iheir fdle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers Iceep their 
values (t-e. they don't get reset). 
The SFU must be started before the 1^0 
Is started. 

This register can be read to determine if 

the SFU is running 

0 - running. Q - stopped). 



OxOa 



OxOC 



HCUNumOots 



HCUORAMWofds 



0x10 



0x14 



0x18 



OxlC 



0x20 



0x24 



0x2C 



LBONumWords 



StartSfuAdj(21:5I 
(2S6-blt aflgned DRAM address) 



EndSfuAdr(21:5J 
(2S6-bit aflgned DRAM address) 



XstartCount 



XscafeNum 



XscaleOenom 



YscafeDenom 



Woric registers (PCU has read-only access) 



16 



12 



17 



17 



0x0000 



0x00 



0X000 



OxOOOO 
0 



OxOOOO 
0 



0x00 



0x01 



Width of HCU fine (in dots). 



Number of 256-blt DRAM vvofds in a HCU 

tine. 



Number of 16-bM words in an LBD line. 
<LBD line length must be a multiple of 16 
bits). 



First SFU location In memory. 



Last SFU location in memory. 



Value to be loaded at the start of every line 
Into the counter used tor scaling In the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value win typically equal zero, except 
in the case where a number of dots are 
clipped on the lead in to a tine 



Numerator of spot data scale factor in X 
direction. 



0x01 



0x01 



0x01 



Denominator of spot data scale factor in X 
direction. 



Numerator of spot data scale factor In Y 
direction. 



Oenonninator of spot data scale factor in Y 
direction. 



Doc: SoPEC^hardware^desIgn 
Version: 2.3 



S3 Proprietary Document 



2^ov2002 
Page 334 



SoPEC : Hardware Design 



J3 



Table 1 15. SFU Confrguratlon Registers 




0x30 



0x34 



0x36 



Ox3C 



HCUReadUneAdrf2t :5] 
(256-brt aligned DRAM address) 




HCUStarlReadUneAdr(21 5] 
(256-t)it aligned DRAM address) 



LBDNextUneAdrt21 :5] 
(2S6'bft aOgned DRAM address) 



LBDPrevUneAd(r(21 :S] 
(2S6-bit aTigned DRAM address) 



17 



17 



17 



Current address pointer in DRAM to HCU 
read data. Read onJy register. 



Start address In DRAM of line being read 
by HCU buffer in DRAM. Read only regis- 
ter. 



Current address pointer fn DRAM to LBD 
write data. Read only register 



Current address pointer in DRAM to LBD 
read data. Read only register 
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25.8.3 SFU sub-block partition 



pcu_rwn~ 



pcu_acfdf[5:2)-f— ► 
pcu.tfataout(31:0j 
sfu.^.data[31 



LED 





Lpla<fvworcf 




— ► 












slu.lbd. 



sfu_flo(toaa8Ufr-blockal 
'o^ txaj_num^<lote ^ 



PCU 
Interface 



hcu_.dram_wofda 



y t>cl^reim_ words 



t7^ staft-sfu^adf 



end_sfu adr 



hcu.startreadnhe,a<ft 



lbd.nextnne_adr 



lbd^ravffne_adr 



3f5tart_count 
xscate^num 



4^ 



4?^ 



xscare_denom 



8^ 



yscale^nuin 
yscafa^defwrn 



LBD Previous 
Line FIFO 



■a 



ptf^fdy 



jtf_diufraq 
pfLcCurack 



pHLdhmtata A4 
^- 



pifjdhiry/oSd 



ptf_dluidie 



lbd_sij,%Mdata 



ttxl_8|u_wdatavaUd 



nlf^rdy 



I Ibd_8fu.advrina 



ifbd^nurruwofds 
7^ ► 



LBD Next 
Line FIFO 



rWf_dkjwreq 



nrt_dfifwad< 



nlfjdUiwdata 64 



hcuJsfu_advdot 



HCU 





sfu 




-> 

1 


4 




7^ 



SFU 



HCU Read 
Une FIFO 



hrf_hou_endofRno 



hrf^xadvanca 


ft 




hft.d!uradc 




hrf^dturdata oa 




hrf.diurvand ^ 
4 ■ 


hff^dJuldte 



DIU 
Interface 

Address 
Generator 
Unit 
(DAG) 




► sfu_dJu_wreq 

sfu_dru_wffldf(21:5J 
V sfu_diu_dataI63:0] 

shi^diu.wvalld 

dJu_sfu_wack 



► sfu.diuLfPBq 
«-fifu_diu_iadr[21:5) 
-diu_$fu_daca(e3^] 
-diu_s(uLrvaird 
-diii.8lu.rack 



Figure 125, SFU Sub-Block Partition 
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The SFU contains a number of sub-blocks: 



\m&mm 




rv^u jnierrace 


PCU Interface, configuration and status regfsters. Also generates the Go 
and the Reset signals for the rest of the SFU 


LSD Previous tins 
RFO 


Contains FIFO which is read by the LED prevtous line Interface. 


LBO Next Line RFO 


Contains FIFO «vhlch is written by the LBD next line Interface. 


HCU Read Une 
FIFO 


Contains FIFO which Is read by the HCU interface. 


OIU interface and 
Address Generator 


Contains DIU read Interface and DiU write interface. Manages the 
address pointers for the bHevel DRAM buffer. Contains X and Y scaling 
logia 



The ^0"s"FO sub-blocks have no knowledge of where in DRAM their read or write data is stored. In 
this sense the FIFO sub-blocks arc completely de-coupied from the bi-levcl DRAM buffer All DRAM 
address management is centralised in the DIU Interlace and Address Gener^on sub-block. DRAM access 
IS pre-emptive ,.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to wnte a DIU access will be requested immediately. This ensures tfaeie are no unnecessaty stalls intro- 
duced e.g. at the end of an LBD or HCU Une. 

There now follows a description of the SFU sub-blocks. 



25.8.4 PCU Interface Sub-block 



^?u"^ Z^'!"^ the CPU to access SFU specific register by re«iing or writing 
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25S.5 LBDPrevLineFIFO sub<block 



Table 116; LBPFrevLineFIFO Additional lO Definitions 




Internal Output 



Out 



1 



DIU and Addresg Generation sub-block Signals 



Signal indicating LBDPrevLfneRFO is read/ to be read 
from. Until the first AoLs/lLadW/hfl for a band has been 
received and after the number of OxLsfu^tadvyiford strobes 
received for a line is equal to LBDNumVVbfds, ptf_rdy\s 
always asserted. During the second and subsequent fines 
piLnfy fs deasserted whenever the LBDPrBsdJneRFO is 
empty. 



pHLdturreq 



pff_diurack 



plf^diurdata 



pILdiunvafid 



pffjdhiidle 



Out 



In 



In 



In 



Out 



Signal IndfcaUng the LBDPrevUneFtFO has 256-bHs of data 
free. 



Acknowledge that read request has been accepted and 
pfLWuneq should be de-asserted. 



Data frcm the DIU to LBDPresdJneFiFO, 
Rist 64.bits are brts 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-brts are bits 1 91 :1 28 of 256 bit word. 
Fourth 64-bits Is are 255:1 92 of 256 bit word. 



Signal Indicating data on ptf^dfutdata is vaRd. 



Signal indtoating DIU state-machine is in the IDLE state. 



25.8.5,1 General Description 

^r.Tnf'^n^^ sub-block comprises a double 256.bit buffer between the LBD and the DIU Inter- 
face and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words Tl^ FI^^^^ 
wntten by the DIU Interface and Address Generator sub-block and read byTe LBD 
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pILdiurdata 



Sxj_8fu_adv1ina 



(bd.num.words 1 2 



p»jnfy 



FIFO control 
logic 



ptf_diurreg 




pff.dlumck 




pHLdfurvaiid 



Figure 126. LBDPrevUneFifb Sub-block 
W^ever 4 locations in the FIFO are fiee the FIFO will request 256-bits of data ftom the DIU Interface 

TJs dM. If ™«ea W llic FIFO u <i4.biB on pUJI^iiua[iS3:0J ovo 4 dook cydes Tlis 



pclk 
plfLdiurreq 
plf_diurack 
plCdiurvalid 
plf_diurdata[63:0] 




Figure 127, Tfmfng of signals on tho LBDPrevLlneFIFO interface to DIU and Address Generator 
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sfu QO==0 

feSBt=;=Q 



--»^ IdJe ^ 



diuidresi 



2g6-bitgfrftfl in FIFO 
^ Request ^ d iurreq = i . di uidle =0 

^ Ack ^ dturreq = 0 



drurval?fW[ 



DataO ^ 

diurvatid^f 



^ Datal ^ 



dfurvalid==i 
^ Data2 ^ 



diurvafid:==| 



— — - — Data3 ^ 

Figure 128. Timing of signals on LBOPrevUneFIFO interface to DIU and Address Generator 

l!"^ I^^^^^^J^'^'^ ^^OPrevLineFIFO on sju lhd_pldata[15'0] 

lbd^_pladvword from the LBD tells the LBDPrevLineFIFO to supply the next 1 ihxX w^d. Hie FIFO 
control logic generates a signal word^select which selects the next 16.bits of the 64-bit FIFO word to out- 

U>a_^_pladvword wUl cause the next woid to be popped from the FIFO. 

P«^ous line data is not suppUed tmtil after the first lbd^fu_advline strobe ftom the LBD after sfii_go is 

ff' u ''^^'^ ^^'^ ^ tbd_sfU_adyline strobe 

lo<i_jsju_pladvwoni strobes aieigaoTe± ^J»-8o 

1^ ^^^^'^'^''^^IFOooM logic uses a counter. pladvm>rd_count[J I.OJ. to counts the number of 
/AT^-^Sf^ ."^1^' ^^'^ pladvword_count counter is reset to 0 by 

LBDlt^j!!^ "^^"^ '^'^ strobes received is equal to 

^^^IV^^^^^? generates a signal /,//_r^jK to indicate that it has data available. Until the first 
lbd^fi,_advhne for a band has been received and after the number of Ibd^Ju.pladwwni strobes received 
ir ^ !f ^^M««iror<fc./,//_rrfK is always asserted. During the second and subsequent Unes 

PU-r<fy IS deasscrted whenever the LBDPrwLineFIFO is empty. 

t^V^^S^'' t'^* '^'^^ ^''^^ P*<*'"''8 wl^«=h shoi^W not be output to 

me LB£>. ms IS because lbd_mim^words may not fit exactly into a 256-bit DRAM word. When the count 

liTp^^^l^-^^-^.^^'^ '^"'"'^'^ * ^ to lbd_fmm_y,ords the L^Dfr*^- 

UneFIFO must adjust the FIFO read address to point to the next 256-bit woid boundary in the FIFO This 
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can be achieved by considering the HFO read address, read adrn oi will reauire 1 hifc .aa p , 



if (pladvword_count lb<t.nunL.words) then 
read_adrll:OJ e bOO 
re«dUadrt2J = -read_adrt21 

25.8.6 LBDNextLineFIFO sub-block 

Table 117. LBDNextLfneFiFO Additional lO Definition 









. ^..w. w •iiwiiawt* signals 




ftWLrdy | ^ 

OIU and Addrass Generation sub-farocJr sjn 


Out 

nals 


signal indicating LBDNextUneFlFOis ready to be written to" 
r.e. there is space In the FIFO. 


nlf^diuwreq 


1 


Oirt 


Signai rndteating the LBDNaxUMef^FOfms 256-bits of data 
fbrwritinotothe DIU. 


nlf.diifwack 


1 


In 


Acknowledge from OIU that write request has been 
accepted and write data can be output on nlf diuwdata 
together with ntf_dtuwvalkf. 


nlf_di4jwdata 

nlfjdfuwvaSd 

" . i 


1 
1 


Out 
In 


Data from LBDNextLMwFIFO to DIU Intertece 

First 64-bits is bits 63:0 of 256 bit wonJ 

Second 64-bits is bits 127:64 of 256 bit word 

Third 64-blts is bits 191 :128 of 256 bit word 

Fourth 64-bit3 is bits 255:1 92 of 256 bit word 

Signal indicaang that data on wtLdluwdata is valid, ( 



25.8.6.1 General Description 

A^'^"^'''^ comprises a double 256-bit buffer between the LBD and the DIU Inter 
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J3 



sfu^wdata^reg 



16 



VVOfrf_60fOCt J 



Sword 
64-bit FIFO 



I write 



read 



wrfte^adr 



64 



nH_diuwdata 



J read^adr 



FIFO control 
logic 



ng__d!uwreq 



njLdhiwack 



nlf.dlinwaffd 



Figure 129, LBDNextLineFlfo Sub-block 

Whenever 4 locations in the FIFO are fiill the FIFO wiU remipct «r ^ * • u 

Interface and Address Generator by ^^^nlfdi^r^^^ 

has been accepted and nlf diu^,req ^^^^a^-^^^^'^ si^al nl/ dU^ack m± that the request 




nlf„wcliudata[63:0] [ 
n!f_diuwvalfd 



FHur. 130. TTmtaB « Ignal. .„ L80NMU„«,Fo l„»rt«» to OIU .nd Add™» G«»«.r 
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256^bHamRPn 



^ Request ^ diuwieq* 1 

^ diu racksal 
^ Ack ^ dfuwreqaO 



^ DataO ^ dluwva«d=i 



^ Datal ^ 



cfiuwvalklsl 



Data2 ^ 



Data2 ^ dluwvai{cl=1 



^ DataS 



DataS ) diuwvalidsi 



Rgiw 131. LBDNextUneFIFO DIU Interface State Diagram 

The signal nl/_rdy indicates that the LBDNextLineFIFO has space for writine bv the LBn Th. r «r, 

The data ,s coUected to make up a 64-bit word before being written to the FIFO 

!,T ~T ^ of /*0>.w«/ signals. 11.0 h^«/^ 

iS^S iLBDN^m^-f-'Ti '^'^'^ """"" of »dU^_WW stio^ef received 

SSSt%f f 2LXS6-^Ci " "FO is first flushed to DRAM with padding being 



25.8.7 sfu_lbd_rdy Generation 



i^auNextUneFlFO. After the first ibd_s/u_advUne and before the number of lbd_s/u Dladvword 
r«=e,ved .s equivalent to the line length, sJu_Ub_rdy indicates that the SFU^ S^Ste rjZ^t 
J^^ere .s data xn the LBDFre.LineFIFO, and writing. TT^eteafter it indicates S^ S^l ^^^t 
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25.8.8 



LBD-SFU Interfaces Timing Waveform Description 
The main points to note from Figure 132 are- 

LBD has entered a pause mode and waits for sfixjbd^y S^ed a^^ ^ 
' t-!^1;^2\7^^0 ^^r'* 'fir"'' '''''' *=y*='''>' o-"- one the SFU can 

Sock^cfe '*<^>--^«vaW and putnng new data out which is ,egiste,«J by .he 

^ nofL^S~"" ^''^^ ^'^""'^ On examination this tun. 

Scenario 1 : 

t/^-"?J^^J° l"^. " is stiU 1 piece of data in the FIFO If ther« is a 

ttrf^y?/^/aA^o/rfp«Iseinthene«cyclethedatawillappeion^^J6rf^^^^^^ If th«« « a 

Scenario 2: 

^J^-J^^-rdy will go low when there is still 1 niece of data in Frrn • /i. ^ ^ • . ' 

5jujbd_pldata[l 5:0], ^P*-W^ray wiu assert again, and so the data will appear on 
Scenario 3: 

frSf-'t^*^ J° « stili is still 1 piece of data in the FIFO If there is no 

'ot^ff de-asserted. and the data will not be lead out from the FIFO Ho^ 
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10 



Flguro 132. Signal wavoforms between LBD and SFU 
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25.8.9 



HCUReadUneFIFO sub-block 

Table 118. HCUBeadUneFIFO Additional lO Definition 







m 




mu ana Aaaress Generation sul 


y^tock Sfgnafs 




hrf_jcadvance 


1 


rn 


Signal from tiorizontal scaling unit 
1 - supply the next dot 
1 - supply ttie current dot 


h rt.hcuendoftine 


1 


Out 


Signal lasting 1 cyde Indicating then end of the HCU read 
One. 


hrLdiurreq 


1 


Out 


Signal Indicating the HCUReadUneFIFO has space for 256. 
bits of DIU data. 


hrfjdiurack 


1 


fn 


Acknowledge that read request has been accepted and 
hrf_diurrBq should be de-asserted. 


hrOiiufdala 

hrf_dfurvafid 
hrf.diuicfle 


1 

1 1 
1 1 


fn 

tn 

Out 1 


Data from HCUReadUneRFO to DIU. 

Rrst 64-bits are bits 63:0 of 256 bit word. 

Second 64^)lts are bits 127.-64 of 256 bft wonl. 

Third 64-Wts are bits 191 :1 28 of 256 bit word. 

Fourth 64-bfts are bits 255:1 92 of 256 bit word. 

Signal indicating data on plf^tSurdata is valid. 

Signal indlcaling DIU state-machine is In the IDLE state. ~ 



25.8.9.1 Oenerat Description 

The HCUReadUneFIFO sub-block comprises a double 256-bit buffer between the HriT ««H a- nnr 
^ wntten by the DIU Interfece and Address Generator sub-block and read by the HCu! 






bcu.sfu.advdot 






bou_nun\jdai8 16 




7^ 

hrf^xadvance 




hrf^hcu^eridofline 
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Figure 133. HCUReadUrteFifo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCUReadLineFlFO is iden- 
tical to the LBDPrevLineFIFO DIU interface 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrf^diurreq. A signal A//L<^wracfr indicates that the request has been accepted and hrfdiurreq 
should be de-asserted. 

The data is written to the FIFO as 64-bits on hrf_diurdam[63:0] over 4 clock cycles. The signal 
hrf^diurvalid indicates that the data returned on hff_diurdata[63:0] is valid. hrfJUurvalid is used to gen- 
erate the FIFO write enable, wnfe_c/t, and to increment the FIFO write address, wr/re adrp O] If the 
HCUReadLineFlFO still has 256-bits free then hifJLiurreq should be asserted again. 
The HCUReadLineFlFO generates a signal sjujicu^avail to indicate that it has data available for the 
HCU. The HCU reads single-bit data supplied on s/ujtcujsdaia. The FIFO control logic generates a sig- 
nal hit^elect which selects the next bit of the 64-bit FIFO word to output on sfu hcu^data. The signal 
hcujsJU^advdot tells the HCUReadLineFlFO to supply the next dot (hrf^advancl ^ 1) or the current dot 
{hrf ^advance - 0) on sjujxcu_jsdata according to die hrfjicadvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcu^Ju^advdot signal until sjujtcu^a^ail is true 
The HCU can therefore staU waiting for the J5/i/_Aci/_avai7 signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu _jJu_advdot will cause the next ' 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFlFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFlFO, 
hcuadvdot_countflS:OJ. counts the number of hcu^/u_advdot strobes received from the HCU When the 
count equals hcu^num_dots[15:0] the HCUReadLineFlFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in flie FffO. This can be achieved by considering the FIFO read address, 
read_adr[2:0J. will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read_adr and setting all other bits to 0. 

If <hcuadvdot_count == hcu^unudots ) then 
read^ndjT ( 1 : 0 ) « bOO 
read_adrC2J = *rea4.adr[2] 

The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdot_count equals hcu^num^dots. This condition is exported from die HCUReadLineFlFO as the 
signal hrfjicuendqfline. When die hrfjicuendofiine is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the current line or go onto the next line. 

2S.B.9.2 DRAM Access Umitation 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This.could lead to a staU by the SFU. This stall could then propagate if the 
margins bemg used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale fector » dots used ft«m last DRAM read for HCU line. 
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25.8.10 DIU Interface and Address Generator Sub-block 



Table 119. DIU Interface and Address Gen erator Additional lO Description 
Internal LBDPrevLlneFIFO Inputs 



plf.diun'eq 




In 


Signal indicating the LBDPrevUneFlFOhas 25e-bits of data 
free. 


pILdiurack 




Out 


Acknowledge that read request has been accepted and 
plf^diurreq should be de-asserted. 


pJLdiurdata 




Out 


Data from the DiU to LBDPrBvUneFtFO. 
Rrst 64-btts are bits 63K) of 256 bit word 
Second 64-blts are bits 1 27:64 of 256 bit word 
Third 64<bits are bits 1 91 : 128 of 256 bH word 
Fourth 64-bits are bits 255:192 of 256 bit word 


plf.diunvalid 




Out 


Signal indicating data on pILdiurtSata is valid. 


pif.diufdie 




.n 


Signal indicating DIU state-machine is in the IDLE state. 


Internal LBONextUneFIFO Inputs 


nlf.dfuwreq 




In 


Signal indicating ttie LBDNextLineFtFOhaa 256-bits of data 
for writing to the DfU, 


ntCdiuwacIc 




Out 


Acknowledge from DIU tliat write request has been 
accepted and write data can be output on nff diuwdata 
together with ntLdluwvafid, 


nlCdiuvvdata 




In 


Data from LBDNextUneRFO to DIU Interface. 
Brst 64-bits are bits 63.*0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


ntLdluvwaKd 




m 


Signal indicating that data on wifjdiuwdata Is valid. 


Internal NCUReadUneFIFO Inputs 


hrf_hcuendofl(ne 




In 


Signal lasting 1 cyde indicating then end of the HCU read 
line. 


hif_jcadvance 




Out 


Signal from horizontal sca&ng unit 
1 • supply the next dot 
1 - supply the current dot 


hff_dlurreq 




In 


Signal indicating the NCUReadUneFIFO has space tor 256- 
bits of DiU data. 


hrf_diurack 




Out 


Acknowledge that read request has been accepted and 
hrCdiurwq should l>e de-asserted. 


hrLdiurdata 




Out 


Data from NCUReadUneFIFO to DiU. 
Rrst 64-tNts are bits 63K) of 256 bit word 
Second 64-bits are bits 127.-64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-bits are bits 255:192 of 256 bit word 


hrf_diurvalld 




Out 


Signal indicating data on pff diurdata Is valid. 


hrfjdiukfie 




In 


Signal indicating DIU state-machine is in the IDLE state. 
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25.8. 10. 1 General Description 

TJe DIU Interface and Address Generator (DAG) sub-block manages the bi-level buffer in DRAM It has a 

!^\f^t^f^ management is centralised in the DAG. DRAM access is pre-emptive i.e. after a FIFO 
rXe^d^^Sr-,?'" r '"^^ has space to read or data to «rite a DIU access Ju 1^ 

or Sfiiir^ ^' mmecessaiy stalls introduced e.g. at the end of an LBD 

1^ bTocf ^rS" ? ' ''"'^f ^^"^"^ non-integer scaling logic is completely contained in the DAG 
sub-block. The scaling control unit exports the hyjiodvance signal to the HCUReadLineFIFO^dti^Z 

cates whether to replicate the current dot or supply the next dotfor horizontal scal^^^^ 
25.8.10.2 DIU Write Interface 

Tht l^DNatUneFIFO generates all the DIU write interface signals diiectfy except for 
4/ii_rf»_»««fr/2/. J/ which is generated by the Address Generation logic ^ 

2^?d V T^^aM^o''^*''-'''^'' ^ '^^P^^'^^' P"-*" in DRAM is 

SSt^^? ~ «»P««"«nt^o« must ensure that no entmeous requests occur on 



nlLdhiwreq 



itfLadrvafld. 



& 



^mLcSuwack 



Kf.diuwdata 



64 



nrLdkjwvalld 




^ s^.dlu_data(63:0) 
sfu^dUi.wvaRd 



Figure 134. DIU Write Internee 



25.8.10.3 DIU Read Interface 



Both H^UReadLinenFO and LBDPrevLineFIFO sfiare the read interface. If both sources request simul- 
The DIU read requ«t arbitration logic generates a signal, selectjxrjplf. which indicates whether the DIU 
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sefecLhrfpH 



hrf_<Siufdlo 
p(f.dlufd]e 



^dfurack ^ 



j ►dhjjdte 

^1 



pNLdiurack ^ 



64 



pHLtflunfata ^ 



-<nu.sfu_rack 



\ 



ptC<llurva[Id ^ 



hrUdiurvalld ^ 



64 

-7^ 



dlM_^.data(63:0] 



- <fiu_sfu,fva6d 



N 

Figure 135. OIU Read Interface multiplexfng by setect_hrfplf 

''^ i« Fig»«« 136- -nie arbitration logic wiU select a DIU r«ad 
or^//^„rre^ and assert sM_mui which goes to the DIU. TTre accon^^ 
DIU read address is generated by the Address Generation Logic. TTie select signal select /uiblfvdUh^s^ 
a^rAng to arbitration winner (O-HCUReadUneFIFO. 1 = iir£)/>,«vW-/FO):^ ^rJi 2 
SrSJr^ ™ T «'Sr 'l^.*' "^'^ °" ^-_.^_^it Arbitration cannot taki pSvJ^^lS 
tt^l^nS?? ^l"^"^. « *e idle state, indicated by diu_idle. Ls is Lessary 

to ensure that the DIU read data is multiplexed back to the HFO that requested it. 



hrf^&jwroq 



hff,adfvaUd 



pff-adrvaild. 



& 



& 



diu_sfu_rack . 
c<iu_iclle 



Read Request 
Arbitratioii Logic 



histoiy 
> 



busy 
> 



^ selecL.hrfplf 



Figure 136. DIU read request arbitration logic 
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SI 



The DIU read requests from the HCUReadLineFIFO and LBDPrevLim-FlFn , a c ^ ■ 

respective addresses in DRAM are invalid. A-/ a^a/itfXrB?a^^ be negated ,f their 

ensure that no erroneous requests occur on s%~2jr% " unplementafon must 

;::S/^~r:rr^^^^^^ ^^the req^st is not fol- 

FIFO by default If there am kl^^ k logic wUi choose the HCUReadLine- 

A pseudo-code description of the DIU read arbitration is given below. 



hrf/plC). hrf is HOWeadLineFIFO, plf is LBDPrevLineFlFO 



// history is of type (none 
// initialisation on reset 
select_hrfplf = 0 // default choose hrf 

history = none // no Dio read access iinmediataly preceding 

If ;diu!Lrrf/r:hr ^<»1« ".te the„ d::ra..ert L-y 

busy K 0 

i'f 1dS^!Sc': n^rr^Hen"^ ^ " -^-^ 

//de-assart re<iuest in response, to acknowledge 
sfu_dau_rreq =0 

// if not busy then arbitrate between incoming requests 
// af request detected then assert busy ^^^^ 
if (busy «= 0) then 

^/if there Is no request 

if (hrf.dlurreq 0> AND (plf_diurreq o) then 

sfu_d.iu_rreq a 0 

history = none 
// else there is a request 
else ( 

// assert busy and request Diu read access 
busy *i 1 

sfu_diu_rreq o 1 

// arbitrate in round-robin fashion between the requestors 
it LTJ^ HCUReadLineFIFO requesting choose HCURe^IneFiFO 
If (hrf_dxurreq « l) and <plf^diurreq O) then 

history = hrf 

select^hrfplf « o 

(f /h ri"" requesting choose LBDPrevLineFXFO 

xf (hrf^diurreq O) AND (plf.diurreq =^ i, then 

history = plf 

select_hrfplf = i 

f^^f^^''^."^^*'^^''^^^^^ LBDPrevLineFlFO requestina 
if (hrf_da.urreq i) AND (plf^diurreq 1) then 

// no itrmediacely preceding request choose HCUReadLineFIFO 
if (history *:= none) then ^x^-w 
history « hrf 
select_hrfplf « 0 

cLIf ^hLl:^ rL^.^^he!!"^"''^'"^""' LBBPrevr,i„eri«, 

history «= plf 
select_hrfplf s l 

eisll ^hirto"^ r^'^nr^hen'^'"^""^"'^^ HCORe.dr.i„eFlPO 

history = hrf 
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25.8.10.4 



Si 



select_hrfplf = o 
// end there is a request 



Address Generation Logic 
The DIU interface generates the DRAM addresses of data n^d and written by the SFU's FIFOs 



8fu_go 



p 

17^ 8tart_sfu adr 


7^ 

17^ €fXJ_8ftj_adr 


= ^ 

8 ^ hcu_dram «uords 




P 


hff^diurack 




rtf_diuwack 


^ 


pif^diurack 


» 




» 



Address Generator 





8fti.dhf.radrl2l:5] 






sfu_diu.wadrt2l:5) 












hcu^readHne.ad^ 






hcu.6taftreadHne_adr 






t>d_nextline.adr 






BxJ_pr8vffne_adf 












hrf_adrvBlid 






htLstarUacin^ld 






nfCadrvafid 






pir.adrvBlid 





Figure 137. Address Generation 

pe address generator is configured with the number of DRAM words to read i„ , Hr^i •• 

Address Generation 

There are four address pointers used to manage the bi-level DRAM buffer 

a. hcu_readUne_adr[21:5] is the read address in DRAM for the HCUReadLineFIFO 
"'^lfSS::^Z~^t'' " ^ — -i by 

c. lbd^nextUne_adr[21:5] is the write address in DRAM for the LBDNextLineFIFO 

d. lbdjnyline_adrpl:5] is the read addi^ss in DRAM for the LBDPrevUneFIFO, 
The current value of diese address pointers are readable by the CPU. 

Four corresponding address valid flags are required to indicate whether the address pointers are valid- 

a. hlf_adrva!id, 

b. hlfjstart_adrvalid, 
c nlfjadrvalid. 
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15 



DRAM bm tt= FIFOS will „« „ ^ ow ^, ,h. ,pp„prta,e address is valid 

Rules for address pointers 

The «ltoss p,iM„ cbv cenai. .Ues wUch indicatt whether Ihey aii valid- 
'S'-r^f"-^^';?." " i» the line 4an 

c. The LBDNextLineFIFO must be writing earUer in the line than LBDPrevLineFIFO 
Jid must not overwrite the current line that the HCU is readingt^SJ^iTSSii 

o. At Startup i.e. when sJu_go is asserted, the pointers are reset to start sfU adrHl 51 Th^ w 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 
X scaling of data for HCUReadLineFIFO 

^gr>al hcu_^Ju_advdot teUs the HCUReadUneFIFO to supply the next dot or the o.™,f H«t 

^ifeyr^?r::d*is^/rt'^M^ 

should supply the current di ^ A^f^arfw,«ce is 0 the HCUReadLineFIFO 



By xstarucount 

7* ■ ^ 




hrf^xBcfvanbe 


B . xscaJe^num 

6y xscale.denom ^ 


X Scaling Contxoi 
Unit 




^ — % 

W-hcu.endoffine 




' 



Figure 138. X scaling control unit 

TTie algorithm for non-integer scaling is described in the pseudocode below Note x scale anun. c»,n..M 

if <hcu_sfu_dotadv == i) then 

if (x^scale_count * x_scale_denon. - Jt_8c«le_num >- 0) then 

else. 

J^f'^i!;:*'"""'' ° ^scale_count * x_scale_denom 
"irr^xadvance » o 

else 
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x_scale_count = x_scale_count: 
hrf^xadvance = 0 



Y scaling of data for HCUReadLineFIFO 

^CUReadLineFIFO counts the numhc'rnfh^j j l 

if <hrf_hcu_endofline == i) then 

if (y scalG.count + y.scale.denom - y.acale.num >= O) then 
y^scale.count y.scale^count ♦ y scale d*.n«m * f 
hrf^advance =1 - y-Scaie_denom ^ y^scale^num 

else 
else 

y_scale_count = y_scale_couiit 
hrf_yadvance = 0 



8^ yscata^num 


— ► 




. tiriLyadvanoe 


8 . yscar0_defiom 




Y Scalii^ Control 




► 


hrf.hcu.ttndolRne 




Unit 















Figure 139. Y scaling control unit 
i^^flJf HCU line «nd advance to next line 

Offset - hcu_startreadllne_«dr - end_sfu adr 
if (offset >a 0) then 

^ heu_st«rtreadline.adr - .tart_sf„_adr * offset 
hcu readli„e_adr - hc«^_Bt«rtreadline_adr 

hcv.readline_adr « hcu_startreadline.adr 



Figure 140 shows an overview of X and Y scaling for HCU data. 
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HCUReadLineFXFO 



Figure 140. Overview of X and Y scaling at HCU Interface 



Address generator pseudocode: 
Initialization: 

if (sfu^go rising edge) then 

//set flag to allow first write 

init = 1 

elsif (plf_«drvalid == i) then 

// r^esec fleg allowing first write 
inxt e 0 



Address valid signals: 
Address pointer updating; 

/ / LBDNex t LineFIFO 

//xf end of SFU address range 

//^'■^^^''"^-'*^ =^ end.sfu.adr> then 
//go to start of SFU address range 

lbd.nextline,adr = start.8fu_adr 
else **_««*r 

//increment address pointer 





lbd_nextline.adr = Ibd^nextline^adr * i 
// LBDPrevLineFIFO 

lbdjrevline,adr = start sfu adr 
else "~ 

ItxUirevline^adr = Ibdjrevl ine^adr + l 
// HCUReadLinePXFO 

^t'ldi^^s^ra^'^i"*: HOmeedLinerzPO address is valid 

^.iJ^nd-r^cJ-xi^^^^^^^^ -_.<^.l.d«a, .Hen 

of fset = hcu_8t.rtreadline_aar - encLsfu «dr 
if (offset >= 0) then 

^ hcu_8t«rtreadllne_adr - 6tart_sfu_.dr ♦ offset 
hcu reedline_adr - hcujtartreadline adr 

hcu^readline^adr = hcu^startreadlinel^dr ' 
//if pointing to end of SFU address space 
elsxf (hcu,readline_adr end.sfu_adr) then 

//go to start of SPO address space 

hcu_readline.adr « otart.sfu adr 
else "~ 

//increment address pointer 

hcu.readXine,adr « hcu^readline^adr 4^ 1 
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26 Tag Encoder (TE) 



26.1 Overview 

qiienlly scaled «p to IMO^. ^ " """""O" 1<»» »«. 1600 *i wbidi <au be sobs.: 



DRAM 
btterfaoe 




tag 
encoder 




tag FIFO 
unit 




halfloner/ 
oompositof 


PCXI 


^ — 


















te_finlshedband 







Figure 141. High level block diagram of TE in context 
provided on offietDriSed ixi^ kT.~J^^ t v • 
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26.2 What are tags? 



The first barcode was described in the late 1940's by Woodland and Silver, and finally patented in 1952 
(US Patent 2,612.994) when electronic parts were scarce and very expensive. Now however, with the 
advent of cheap and readily available computer technology, nearly every item purchased from a shop con- 
tarns a barcode of some description on the packaging. From books to CDs, to grocery items, the barcode 
provides a convement way of identifying an object by a product number. The exact interpretation of the 
product number depends on the type of barcode. Warehouse inventory tracking systems let users define 
theu- own product number ranges, while inventory in shops must be more universally encoded so that prod- 
ucts fi:om one company don't overlap with products firom another company. Universal Product Codes 
GJPQ were introduced in the mid 1970*s at the request of the National Association of Food Chains for 
this very reason. 

Barcodes themselves have been specified in a large number of formats. The older barcode foimats contain 
characters that are displayed in the fonn of lines. The combination of black and white lines describe the 
information tiic barcodes contains. Often there are two types of lines to form the complete barcode* the 
characters (the mformation itselO and lines to separate blocks for better optical recognition. While the 
mfoimation may change fi^om barcode to barcode, the lines to separate blocks stays constant The lines to 
separate blocks can therefore be thought of as part of the constant structural components of the barcode. 
Barcodes are read with specialized reading devices that then pass the extracted data onto the computer for 
further processmg. For example, a point-of-sale scanning device allows the sales assistant to add the 
scanned item to the current sale, places the name of the item and the price on a display device for verifica- 
tion etc: Light-pens, gun readers, scanners, slot readers, and cameras m among the many devices used to 
read the barcodes. 

To help ensure that the data extracted was read correctly, checksums were introduced as a cmde form of 
error detection. More recent barcode formats, such as the Aztec 2D barcode developed by Andy Longacre 
m 1995 (US patent number US5591956), but now released to the pubUc domain, use redundancy encoding 
schemes such as Reed-Solomon. Reed Solomon encoding is adequately discussed in [24], [26] and [30] 
The reader is advised to refer to these sources for background information. Very often the degree of redun- 
dancy encoding is user selectable. 

More recently there has also been a move firom the simple one dimensional barcodes Qinc based) to two 
dimensional barcodes. Instead of storing the information as a series of lines, where the data can be 
extracted ftt)m a single dimension, the information is encoded in two dimensions. Just as with the original 
barcodes, the 2D barcode contains both infonnation and structural components for better optical recogni- 
bon. Figure 142 shows an example of a QR Code (Quick Response Code), developed by Denso of Japan 
(yS patent number US5726435). Note the barcode ceU is comprised of two areas: a data area (depends on 
Ae data bemg stored in the barcode), and a constant position detection pattern. The constant position 
detection pattern is used by the reader to help locate the cell itself, then to locate the cell boundaries to 
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allow the reader to dcteimine the original orientation of the cell (orientarton can be determined by the fact 
that there is no 4th comer pattern). 



21 blocks %vid6 




position detection 
pattern 



Flguro 142. Example QR Code developed by Denso of Japan 

The number of barcode encoding schemes grows daily. Yet very often the hardware for producing these 
barcodes is specific to the particular barcode foraiat As printers become more and more embedded, there 
IS an mcrcasing desire for real-time printing of these barcodes. In particular, Netpage enabled applications 
require the printing of 2D barcodes (or tags) over the page, preferably in infra-red ink. The tag encoder in 
SoPEC uses a generic barcode format encoding scheme which is particularly suited to real-time printing. 
Smce the barcode encoding format is generic, the same rendering hardware engine can be used to produce 
a wide variety of barcode formats. 

Unfortunately the term •'barcode*- is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and does not include the constant position detection pattern. In other 
cases it refers to both data and constant position detection pattern. 

We therefore use die term to refer to the combination of data and any other components (such as posi- 
tion detection pattern, blank space etc. surround) that must be rendered to help hold or locate/read the data, 
A tag therefore contains the following components: 

• data arca(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, perhaps simply checksummed) where the bits of the 
data are placed within the data area at locations specified by the tag encoding scheme. 

• constant background patterns, which typicaUy includes a constant position detection pattern. These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
orientation and perspective information in the case of 2D tags. Constant background patterns may also 

. mclude such patterns as a blank area suixounding the data area or position detection pattern. These 
blank patterns can aid in the decoding of the data by ensuring that there is no interference between tags 
or data areas. 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag data area is enclosed by a physical space and the reading means 
uses a non-optical location mechanism (e.g. physical alignment of surface to data reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blocks at the 
edges of the tag for position detection pattern (see Figure 142) and a data area in the remainder. By con- 
trast, the Netpage tag structure (see Figures 143 and 144) contains a circular locator component, an orien- 
tation feature, and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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Netpage tag. Note Lt L Fi^ m a s^gle bTSf dl**' """'"•'"1 "> '^OO dpi for a 

form a block within the dataSa ^ " «P«»eated by many physical output dots to 





(a) Netpage tag badcemund pattern tj,,*^ , . 

(b) Netpage tag showing data i 

Figure 143. Netpage tag structure 




26.2.1 



Rgure 144. Netpage tag with data „.nder,d at 1600 dp. (magnified view) 
Contents of the data area 

TTie data area contains the data for the tag 
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ning resolution. For example, in the QR code (see Figure 142). a single bit is represented by a dark module 
or a light module, where the exact number of dots in the dark module or light module depends on the ren- 
dering resolution and target reading/scanning resolution. For example, a dark module may be represented 
by a square block of printed dots (all on for binary 1 , or all off for binary 0). as shown in Figure 145 




21 blocks w(de - 42 dots wide 



position detection 
pattern 



single 
»2x2black 



Figure 145. Example of 2x2 dots for each block of QR code 

The point to note here is that a single hit of data may be represented in the printed tag by an arbitrary 
printed shape. The smaUest shape is a single pfinted dot, while the largest shape is theoretically the whole 
tag Itself, for example a giant macrvdot comprised of many printed dots in both dimensions. 

An ideal generic tag definition structure allows the generation of an arbitrary printed shape from each bit 
of data. 

26.2.2 What do the bits represent? 

Given an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
retneval via a reading/scanning mechanism, the original number of bits can either be placed directly into 
the tag, or they can be redundancy-encoded in some way The exact form of redundancy encodine will 
depend on the tag format 

The placement of data bits within the data area of the tag is directly related to the redundancy mechanism 
employed in the encoding scheme. The idea is generally to place data bits together in 2D so that burst 
errors are averaged out over the tag data, thus typically being correctable. For example, all the bits of 
Keed-Solomon codeword would be spread out over the entire tag data area so to minimize being affected 
by a burst error. 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is desirable to 
have a genenc tag format structure. This allows the same data structure and rendering emboduncnt to be 
used to render a variety of tag formats. 



26,2.2.1 Fixed and variable data components 

In numy cases, the tag data can be reasonably divided into fixed and variable components. For example, if 
a tag holds N bits of data, some of these bits may be fixed for all tags while some may vary from tag to tag. 
For exan^le, the Universal product code allows a country code and a company code. Since these bits don't 
change firom tag to tag, these bits can be defined as fixed, and don't need to be provided to the tag encoder 
each time, thereby reducing the bandwidth when producing many tags. 
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the overall bandwidth can be reduced. ^ ^ ^ ^ ^& 

Pletely variable. vJleSi^ug e^od^SS SorecT^l';: 'T"^ ^ ''^ 

of tag data bits, "^^^ ^ ^ have a maximum number 

26.2.22 Redundancy-encode the tag data within the tag encoder 

to significant savings o^^S ^^^^^ ^""^ each tag. TTus leads 

tive bandwidth S^^^e reo^S^^i? ^^^^^^^ f b^^-d the tag encoder the effec- 
encoded data was readSl^ ""'^ ''^ required if the 

26.3 Placement of tags on a page 

•n>e TE places tags on the page in a triangular grid arrangement as shown in Figure 146. 

<tot direction K-andseape orientation 



Portrait ortentation 



0 0 0 

0 0 0 





tag 



Une direction 



tag 

tee ^ f tag 




tag 




dot direction 
^ 



® © 



UnediracUon 



(D ® 



Figure 146. Placement of tags for portrait & landscape printing 

^aur^S'cSsX'^S^^'lf^^^^ overiap of columns or rows of .gs means 

respond to the same^^rieL^Z^^l -I" ^"'^'^ ^ "^^^ on that line cor- 

native lines of^^on^Z^t^f^^' P^^"°* ^'^ considered as alter- 

of dots is inset h^^Zff^^^'^^^Zl 'T ""T* '"^ ^-^ '^"^ '-'^ 
liom the line inter-tag gaT^ '"^""'^ «^ ts the same in both lines of tag. and is different 

same. swapped, but the placement mechamsm is the 
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The general case for placement of tags therefore relies 



start Position 



on a number of parameters, as shown in Figure 147. 
^ dot direction 



AltTasLinePositton 



tag within 
tag's bounding 
box 



Tagwktth 
< ► 



Dot Inter-tag gap 



Une inter-tag gap 



line dlrectibn 



tag wtttih 
tag's bounding 
txjx 



tag within 
tag's bounding 
box 



Tag height 



Dot lnter4ag gap 




Rguro 147. General representation of tag placement 

are placement parameters and 

Table 120. Tag placennent parameters 









Tag height 
Tag width 


The number of dot lines In a tag's bounding box 
The number of dots in a single line of the tag's bound- 
box. The number of dots in the tag itself may vary 
de^cfing on the shape of the tag. but the number of 
dots In the bounding box wflJ be constant (by define 


minimum 1 
minimum 1 


Dot inter-tag gap 


The number of dots from the edge of one tag's bound- 
mg box to the start of the next tag^ bounding box, in 
the dot direction. 


minimum sO 


Line inter-tag gap 


The number of dot lines from the edge of one tag's 
bounding box to the start of the next tag's boundino 
box. In the line direction. pounoing 


minimum = 0 




Defines the status of the top left dot on the page - is an 
offeetin dot & row within the tag or the Inter-tag gap. 




AltTagUnePtositibn 


Defines the status for the start of the alternate row of 
tags. Is an offset in dot within the tag or within the dot 
inter-tag gap (the row position is always C). 





26.4 



Basic tag encoding parameters 

SJ^^'sL^tI" m'STeS: enSSr °" « * on-chip 
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Table 121. Encoding parameters 



N 



page width 



tag size 



number of dots in each dimension of the tag 



redundancy encoding for tag data 



sfeeof Ibced data (unencoded) 



Dy 



Rv 



stee of redundancy-encoded fixed data 



size of variable data (unencoded) 



size of redundancy-encoded variable data 



tags per page width 



2^^ dotpatrs or 20.48 inches at 1600 dpi 



typrcal tag size Is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling i.e. 6 mm x 6 mm at 1600 dpi 



384 dots before scaiing 



Reed-Sotomon GF(2^) at 5:10 or 7:8 



40 or 56 bits 



120 bits 



120 or112bits 



360 or 240 bits 



85 packed 6mm x 6mm tags (384 x 384 
dots) wiil fit in 20.48 inches 



26.4.1 Redundancy encoding 



polynomial is o/i) = x" + r + 1 !.L . V"^ » codeword length of 60 bits. TTie primitive 

Of the 15 symbols, there are two possibilities for encoding- 

= (x+a)(W). (^l<?^ ^ ° ^ ^"^'^ " ^* 8e°«ator polynomial is therefore «4 

* f^l^iPul^'irrL'^tZ 1o^4 « f -*-<=y »y°*ols (32 bits). TT.e 8 reduadancy 
(i+aXwH^") ^ polynomial is gfxjZ 

to &e fost case with 5 symbols of original data, the total amount of original data per tag is 160 bits (40 
2S0al foliar ^ '^'^'^ ^'"'^ »° - ^ ^^ounZ^sTS^Tn^^TseS^J^.^ 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data; giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 1 20 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data size of 360 bits. 

In the second case, with 7 symbols of original data, the total amount of original data per tag is 168 bits (56 
fixed, 1 1 2 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed» 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 

26.5 . Data structures used by tag encoder 

26.5.1 Tag Fonnat Structure 

The Tag Format Structure (TPS) is the ten^late used to render tags, optimized so that the tag can be ren- 
dered in real time. The TPS contains an entry for each dot position within the tag's bounding box. Each 
entry specifies whether the dot is part of the constant background pattern or part of the tag*s data compo- 
nent (both fixed and variable). 

The TPS is very similar to a bitmap in that it contains one entry for each dot position of the tag*s bounding 
box. The TPS therefore has TagHeight x TagWidth entries, where TagHeight matches the height of the 
bounding box for the tag in the line dimension, and TagWidth matches the width of the bounding box for 
the tag in the dot dimension. A single line of TPS entries for a tag is known as a tag line structure. 

The TPS consists of TagHeight nimiber of tag line structures^ one for each 1600 dpi line in the tag's 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual number of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present^ Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5-bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-4)it words. Padding (18 x 32-bit words) is inserted after every 7 tag line structures to keep each tag line 



I. This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 
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"Fbg Format Stnjcture 



tag line stmctumo 



tagOnestnicturel 



taglinestnic(ura2 



tag line structure 6 



reserved and unused 
(18x32^its) 



\ 



\ 



\ 



\ 
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tag line structure 



(8t>leA 
(384 entrfes x 2-bits) 
(768t>rts) 



table B 
(32 emrf es x 9-bits} 
(268 bits) 



table C 
(2 entries xS-bits) 
(10 bits) 



feservedand 
unused 
(22 bits) 



tag line sinjcture 8 



tag line structure n 



Figure 148. Composition of SoPEC's tag format structure 

is given in section 26,8.3 on page 



A ftill description of the interpretation and Usage of Tables A, B and C 



26,S.1.i Scaiingatag 



If the size of the printed dots is too small, then the tag can be scaled in one of several ways Either th« t^o 
iteelf can be scaled by N dots in each dimension, which increases the n^l^^nSe^fthe^^^ 

For example, ifthe original TTS was 21 X 21 entries, and die scaMnEw<« u r 

net number of entnes in the TFS would be increased fourfold (2 x 2). 

ULIu f T of nuicrodoa instead of simple scaling. Looking at Figure 149 for a simnle 

oJZitil' M f ""^ '° P'^y^'^'^'y printed fonj o^e ug whle^h 

^.SSoTthtorir,7?^'°^K*' ' ^ ' ''•'^ly performed replicatiof by 7^ 

StTL ft^oZ^fT'.' "'•'^ "^"^ TPS by 7 ii, each cLcnsionor p^^a 

scale-up on the output of the tag generator output, then we would have 9 sets of 7 x 7 square blocks 
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Instead, we can replace each of the original dots in the TFS by a 7 x 7 dot definition of a rounded dot Fig- 
ure 150 shows the results. ^ 
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Figure 149. Simple 3x3 tag structure 
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Figure 150, 3x3 tag redesigned for 21 x 21 area (not simple replication) 

Consequently, the higher the resolution of the TFS the more printed dots can be printed for each macn>dot 
where a macrodot represents a single data bit of the tag. The more dots that are available to produce a mac- 
rodot. the more complex the pattern of the macrodot can be. As an example, Figure 144 on page 360 
Shows the Netpage tag stnicture rendered such that the data bits are represented by an average of 8 dots x 
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8 dots (at 1600 dpi), but the actuaJ shape stmcture of a dot is not square. This allows the printed Neipage 
tag to be subsequently read at any orientation. 

26.5.2 Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records, in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-1 1 1 or 0-1 19 are the bits of raw tag 
data, bit 1 20 is a flag used by the TE {TaglsPrinted), and the remaining 7 bits are reserved (and should be 
0)» Having a record size of 128 bits simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the efTective specification of a tag resolution mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This aDows arbitrary 
placement of tags on the page. For example, tags may only be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed. TaglsPrinted is a 1 bit flag with values as 
shown in Table 122. 



Table 122. TaglsPrinted values 











0 


Dont print the tag in this tag posHion. 

Output 0 for each dot within the tag bounding box. 


1 


Print the tag as specffied the various tag structures. 





26.5.3 DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band. Each tag requires 1 28 bits. Consequently if there are A/^ tags in the band, the size in DRAM is 
J 6N bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a minimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeightD KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384), the maximum 
size in DRAM for a TFS is 55 KBytes. 

26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data, TD. and tag fonnat structure, TFS. 
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The memory usage requirements are shown in Table 123. Raw tag data is stored in the compressed page 
store 

Table 123. Memory usage requirements 











Compressed page store 


2048 Kbytes 


Compressed data page store for BMeve!, contons and 
raw tag data. 


Tag Fonnat Structure 


55 Kbyte (384 dot line tags 
9 1600 dpi} 


55 kB in PEC1 for 384 dot fine tags (the benchmark) at 
1600 dpi 

2.5 mm lags (1/IOth inch) d 1600 dpi require 160 dot 

lines = 160/384 xS5 or 23 IcB 

2^ mm tags @ 800 dpi require 80/384 x55 » 12 kB 



* ..^ * Aixwuawc wui icttu x^u-oiis iTom uxwyi ai a ume. tacn z:)0-Dit reaa returns 2 times 1 28-bit tags. 
The TD interface to the DIU will be a 256-bit double buffer. If there is an odd number of tags in line then 
the last DRAM read will contain a tag in the first 128 bits and padding in the final 128 bits. 

The TFS interface will also read 256-bits fi^om DRAM at a time. The TFS required for a line is 136 bytes. 
A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 
fifth 256-bit word. A 136*byte double-line buffer will be implemented to store the TFS data. 
The TE's DIU bandwidth requirements are summarized in Table 124. 



Table 124. DRAM bandwldtti requfrerrients 




TFS 



Read 



Single 256 bit rcads^. TFS is 
136 hytcs. This means there 
is unused data in the fifth 
2S6 bit read. A total of 5 
reads is required. 



0.093 



0.093 



1: Each 2inin tag lasts 126 dot cycles and requires 128 bits. This is a rate of 256 bits every 252 cycles. 
2: 17 X 64 bit reads per line in FECI is 5 x 256 bit reads per line in SoPEG with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 



SoPEC allows for tags to be between 0 to 384 dots, A typical 2 mm tag requires 1 26 dots. Short tags do not 
change the internal bandwidth or throughput behaviours at all. Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too smaU TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 



26,6.1 Tag Encoder Architecture 

A block diagram of the TE can be seen below. 
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Figure 151. TE Block Diagram 

Sfe^forr^n"" A °^ ""It? '^Z^' to the TFU for later reading by the HCU. The TE is respon- 
sible for me^ng the encoded tag data with the tag stnicture (interpreted from the TFS). Y-integer scaling 
P^^rfonned m the TE with X-integer scaling of the tags perfonned in the TFU. TTie «coded tag 
iayw IS generated 2 bits at a time and output to the TFU at this rate. ITie HCU however only consumes 1 
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The tog encoder cons,«s of a TPS mterfece that loads and decodes TFS entries, a tag data interface that 
loack tag raw data^ encodes .t, and provides bit values on request, and a state machine to generate approb- 
ate addressing and control signals. The TE has two separate read interfaces to DRAM for raw 
TD, and tag fonnat structure, TFS. ^ 



It is possible that the raw tag data interface, the TD. to the DIU could be replaced by a hardware state 
ZI^ZTa ^1 ^'^'''"•y ^ generation of tags. Support for Y scaling nJd^ 

;^!;:.^r.r?diSe«2 "^^^ ^'^-^ ^^^^^ ^ -•^^ ^ 



26.6.2 Y-Scaling output lines 



In orter to support scaling in the Y direction the following modifications to the PECl TE are suggested to 
the Tag Data Interface. Tag Fonnat Strucnjre Interface and TE Top Level: 

. for Tag Data Interface: program the configuration registers of Table 126,firsaagUneHeighi and tag- 
MaxLme with true value i.e. not multiplied up by the scale factor YSaile. Within the Tag Data interface 
tfiere are two counters, comtx and county that have a direct bearing on the rawTagDatuAddr genera- 
tion coawte decrements as tags are read from DRAM. It is reset to NumTagspttdTagSense] at start of 
each Ime of tags. <^unty^ decremented as each line of tags is completely read ftom DRAM i.e. cauntx 
- 0 Scaling may be performed by counting the number of times countx reaches zero and only decre- 
menting county when this numba reaches YScale. This will cause the TagData Interfece to read each 
line of tag data fhmTagsfRtdTagSense] * YScale times. «> reao eacn 

* Si Fpnnat Structure Interface: The impUcation of Y-scaling for the TFS is that each Tag Line 
Structure is used YScale times. This mi^ be accomplished in either of two ways: 

' A ''^^ ^"'^ TWs involves gating 

the consol of TFS buffer flipping with YScale. Because of the way in which this advTfsUne and 
advTagLine related fimcHonality is coded in the PECl TFS this solution is judged to be e^or-prone 

* SS-^A ^"'^ ^ ^^"^ controlling the activity of currTf- 

^.^^^J^J^^ must supply five addresses to the DIU to read each individual Tag Line Struc 

ifi:^. "^^y^' '^'"'^ ^ 1^ « different from the behav- 

iour m PEC 1 . where one address is given and 1 7 data-w<mls were returned by the DIU 
Smce the behaviour of the currTTx^drfr must be changed to meet the requirements of the SoPEC 
DIU It mak« sense to include the Y-Scaling into this change i.e. a count of the number of com- 
plete^ sets of 5 accesses to the DIU is compared to YScale. Only when this count equals YScale can 
c«n-^Mrf*- be loaded with the base address of die next lines Tag Line Structure in DRAM, other- 
wise It IS reloaded with the base address of tiie cuirent lines Tag Line Stmcture in DRAM. 

' ^tlZ ^f^!: "^^ ^ * is used to count the number of 

completed ouqjut Imes when in a tag gap or in a line of tags. At the start (i.e. top-left hand dot-pair) of 
a gap or lag UnePos is loaded with either TagGapLine or TagMaxLine. The vahie of UneR» is decre- 

S « ^Vl"','*°*-P^ « Y-Scaling may be accomplished by gating the decrement of UnePos 
oasea on YScale value 
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J3 



26.6.3 TE Physical Hierarchy 

Tag Encoder 



Top Level FSM 
+ PCU + Comb 
Logic for Muxfng 
etc. 



Tag Data Interfece 



Raw Tao Data 
tntermce 



Reed Solomon 
Encoder 



2D Decoder 



iincoded tag bata interface 



encoded 
fixed tag 
data 



encoded 
variabTe tag 
data 



lag l-ormat Uruetim ( 1 1-8) 



Rego/p 



Table A 



Table C 



Tables 



Rego/p 



Figure 152. TE Hierarchy 

rl^l^n !L^^^'"^^*^^ stmctmal hieraichy of the TE. The top level contains the Tag Data Inter- 
Zl^^^' f™^* ^ generation of dot pai^ion^^S^^ 

the output data and generating other control signals. muxing 

il^nJ^^^^ ^^^V^"^ "^^"^ P"^^^ P^g<^ one line at a time with the 

starting position either in an inter-tag gap or in a tag fa SoPEC mav be onlv «Hnri,,„ 

multiple SoPECs printing a single line) ^ ^ P""'^^ * ^« 

IJitWnt'^^hr/'^^^ "^"^ ^ ^'''^'''^^ «^P' ^ generated. If the current position is 

rSd.rf T: ^Vl^ ^^""^t «nicture is used to detennine the value of the output dot. using the appropriaS 

S?ot 1^^^^ ?! ^ ^ -I-^ ^^-^ advanci alo^g the7£e 

of dots, moving through tags and mter-tag gaps according to the tag placement parameters. 
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I 26.6.4 ro Definitions 



Tabre 125. TE Port Ust 





am 


m. 


MjMmiiMmmsMMmmmi 


Clocks and Resets 








pdk 


1 


In 


SoPEC Functional ctock. 


prsl_n 


1 


In 


Global reset signal. 


Bandstore Signals 


cdu.endofbandstor8[21 :5] 


17 


In 


Address of the end of the current band of data. 
256-bit word aligned ORAM address. 


odu.8tartofbandstore[21 -SI 


17 


In 


Address of the start of the current band of data. 
25&-b(t word aligned DRAM address. 


te_finlshedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu.addrt6:2] 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
for this block. 


pcu_<lataout(31.-0| 


32 


In 


Shared write data bus from the PCU, 


te.jx:u.daialn[3l.-0] 


32 ' 


Out 


Read data bus from the TE to the PCU. 


pcu.fwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_te.8el 


1 


In 


Block select from the PCU. When pcu_te_$er& higji both 
pajLscfdrand pcu_cfataoutare valid. 


te_pcu_rdy 


1 


Out 


Ready signal to the PCU. When t&,j}cu_nfy\s high it indicates the 
last cycle of the access. For a write cyde this means pcu^dataout 
has been registered by the block and for a read cyde this means 
the data on te,j)cu_aatain is valid. 


TD (raw Tag Data) OIU Read Interface sfgnals 


td.diu.jreq 


1 


Out 


TD requests DRAM read. A read request must be accompanied by 
a valid read address. 


td.diu.radi[21:5] 


17 


Out 


TD read address to DIU. 

1 7 bits wide (256-bit aligned word). 


diu.ttl.rack 


1 


In 


Aduiowledge from OfU that TD read request has been accepted 
and new read address can be placed on te <^u fadn 


dlu.data(63:0) 


64 


■'^ 


Data from DIU to TE. 
Rrst 64-blts are bits 63:0 of 256 bit word; 
Second 64^lis are bits 127:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-blts are bits 255:192 of 256 bit word. 


diu.ld.rvalid 


1 


In 


Signal from DIU teOing TD that valid read data is on the diu^data 
txis, " 


TFS (Tag Format Structure) DIU Read Interface signals 


tffs.diu_rreq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tf5.dtu.radft21:5] 


17 


Out 


TFS Read address to DIU 

1 7 bits wide (25e-bit aligned word). 


diu.tfs_rack 


1 


In 


Acknowledge from DIU that TFS read request has been accepted 
and new read address can be placed on diu radr. 
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Table 125. TE Port Ust 











diu_cSata[63:0] 


64 


In 


Data from DIU to TE. 
Rrst 64-Wt3 are bits 63.-0 of 256 bit word; 
Second 64-bits are bits 1 27:64 of 256 bit word; 
Third 64-bits are bits 1 91 : 128 of 256 bit word; 
Fourth 64-blts are bits 255:192 of 256 bit word. 


diu_tfs_rvand 


1 


In 


Srgnal from DIU telling TFS that vaBd read data is on the diu data 

bus. 


TFU Interface data and control signals 


»u^te_oktowrite 


1 


In 


Ready signal indicating TFU has space available and Is ready to be 
written to. Also asserted from the point that the TFU has redeved 
its expected number of bytes for a line until the next 
te^tfvLwradvUne 


te_tfu_%vdata[7:0J 


8 


Out 


Write data for TFU. 


te_tfij_wdatavafid 


1 


Out 


Write data valid signal. This signal remains high whenever there is 
valid output data on te tfu wtkita 


te_tfu_wradv1ine 


1 


Out 


Advance line signal strobed when the last byte In a One is placed 
on ta^tfu^yvdata 



26.6.5 Configuration Registers 



The configuratioa registers in the TE are programmed via the PCU interface.Refer to section 21 8 2 on 
?^vr descnption of the protocol and timing diagrams for reading and writing registers in the 

TE Note that smcc addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
2 bits of die PCU address bus are not required to decode the address space for the 
TE.Table 126 lists the configuration registers in the TE. 

Registers which address DRAM are 64-bit DRAM word aligned as this is the case for the PECl TE 
SoPEC assumes a 256-bit DRAM word size. If the TE can be easily modified then the DRAM word 
addiessmg should be modified to 256-bit word aligned addressing. Otherwise, software should program 
flicse the 644)it word aligned addresses on a 256-bit DRAM word boundary.. 



Table 126, TE Configuration Registers 




Control registers 



0x00 



0x04 



Reset 



Go 



A write to this register causes a reset of the TE. 
This register can be read to indicate the reset state: 

0 - reset in progress 

1 • reset not in progress 



Writing 1 to this register starts the TE. Writing 0 to this 
register haits the TE. 

When Go is deasserted the state-machines go to their 
idle states but all counters and oonfiguratton registeiB 
Iceep their values. 

When Go is asserted all counters are reset, but oon- 
figumtion registers keep their values (I.e. they don't 
get reset). NextBandEnabto is cleared when Go rs 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine If the TE is run- 
ning (1 = running, 0 = stopped). 
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Table 126, TE Configuratfon Registers 




Setup registers (constant tor processing of s page) 



0x40 i TfeStarlAdr 

(64-bJt aligned DRAM 
address > should start at 
a aSG-blt aligned loca- 
tion) 



0X54 



0x5C 



0x64 



Ox6C 



0x70 



19 



0x44 i TfsEndAdf 

(64-blt aligned DRAM 
address • shouid start at 
a 256-bit aligned loca- 
tion) 



19 



0x48 I TfeRrstLineAdr 

(64-bit aligned DRAM 
address) 



19 



OataRedun 



VariabieDataPfesent 



EnoodeRxed 



TagMaxDotpairs 



TagMaxUne 



TagGapDot 



14 



Points to the first word of the first TFS line In DRAM. 



Points to the first word of the last TFS Une In DRAM. 



Points to the first word of the first TFS line to be 
encountered on the page, if the start of the page is in 
an inter-tag gap. then this value will be the same as 
TFSStartAdrsince the first tag line reached wiQ be the 
top line of a tag. 



Defines the data to redundancy ratio for the Reed 
Solomon encoder. Symbol size is always 4 bits, Code- 
wonJ size is always 15 symbols (60 bits). 

0 - 5 data symbols (20 bits), 10 redundancy symbols 
(40 bits) 

1 -7 data symbols (28 bits). 8 redundancy symbols 
(32 bits) 



Determines whether or not the data bits are to t)e 2D 
decoded rather than redundancy encoded (each 2 
bits of the data bits becomes 4 output data bits). 

0 = redundancy encode data 

1 g decode each 2 bits of data Into 4 bits 



Defines whether or not there Is variable data in the 
tags. If there is none, no attempt is made to read tag 
data, and tag encoding should only reference fixed 
tag data. 



Determines whether or not the lower 40 (or 56) bits of 
fixed data should be encoded into 1 20 bits or simply 
used as is. 



TagQapUne 



14 



DotPairsPerUne 



14 



DotStartTagSense 



The }Nidlth of a tag in dot-pairs, minus 1 . 
Minimum O, Maximums191. 



The number of lines in a tag, minus 1 . 
Minimum 0, Maximum - 383. 



TTie number of dot pairs between tags in the dot 

dimension minus 1. 

Only valid If TagGapPresen^h 0] = l . 



Defines the number of dotllnes between tags in the 
line dimension minus 1. 
Only valid if TagGapPrBsentjbm] = i. 



Number of output dot pairs to generate per tag line. 



Determines for the first/even (bit 0) and second/odd 
(bit 1) rows of tags whether or not the first dot position 
of the line Is in a tag. 
Isinatag.Ocinan inter-tag gap. 
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Table 126, TE Configuration Registers 




0x78 



0x80 to 
0x84 



0x88 to 
0x8C 



TagGapPresent 



YScale 



DotStartPos 



NumTags 



Setup band related registers 



2x14 



.2x8 



Bit 0 is 1 If there Is an inter-tag gap in the dot dimen- 
sion, and 0 if tags are tightJy packed. 
Bit 1 rs 1 if there is an inter-tag gap In the line dimen- 
jlon, and 0 if tags are tightly packed. 



Tag scale factor In Y direction. Output lines to the TFU 
will be generated YScale times. 



Determines for the firsVeven (0) and second/odd (1) 
rows of tags the number of dotpairs remaining minus 
1 , in either the tag or Inter-tag gap at the start of the 
line. 



Oetemrtfnes for the first^even and seoond/odd rows of 
tags how many tags are present in a line (equals 
number of tags minus 1). 



OxCO 



0xC4 



NextBandStartTagOa> 
taAdr 

(64-brt alined ORAM 
address - shouM start at 
a 256-bit aligned loca- 
tion) 



NextBandEndOfTagOata 
(64-t)if aligned DRAM 
address) 



0xC8 



OxCC 



NextBandFiretTagUne- 
Height 



NextBandEnable 



Holds the value of StarfTagDataAdr for the next t>and. 
This value Is copied to StartTagOataAdr when 
DoneBand is 1 and NextBandEnable is 1 , or when Go 
transitions from 0 to 1. 



Holds the value of EndOfTagOata for the next banti. 
This value is copied to EndOTTagData when 
DoneBand Is 1 and NextBandEnable Is 1, or when Go 
transitions from 0 to 1 . 



Holds the value of RrBfTagUneHelght for the next 
band. This value is copied to RrstTagUneHeight when 
DoneBand gets is 1 and NextBandEnable Is 1 , or 
when Go transltfons from 0 to 1 . 



When NextBandEnable is 1 and DoneBand is 1 . then 
when te_finlshedband Is set at the end of a band: 
-NextBandStartTagOataAdr is copied to StartTagOa- 
taAdr 

-NextBandEndOfTagOata is copied to EndOfTagOata 

-NextBandFirstTagUneHeight is copied to RrsCTa- 

gUneHeight 

-DoneBand is cleared 

-NextBandEnable is cleared. 

NextBancf&iaDle is cleared when Go is asserted. 



Read-only band related registers 
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Table 126. TE Configuration Regrsters 



In 




m 








uuneoana 


1 


0 


Specifies whether the tag data interface has finished 

loading all the tag data for the band. 

it is cleared to 0 when Go transitions from 0 to 1. 

When the tag data interlace has finished loading all 

the tag data for the band, the te^ftnishedlyand signal 

is gf>fen out and the OoneBand flag is set. 

If NextBandBnabie isl at this time then startlagDa- 

taAdr, endOfTagData and fffstTagUnaHefght are 

updated with the values for the next band and 

DoneBand is deared. Processing of the next band 

starts Immediately. 

Jf NextBandBnabte is 0 then the remainder of the TE 
wni continue to mn.. while the read contrd unit waits 
for NextBandEnabfe to be set beibre it restarts. Read 
only. 


0xD4 


otartiaguataAd r 
(64-1^ aligned ORAM 
address - should start at 
a 256-bit aOgned loca- 
tion) 


19 


0 


The start address of the cumsnt row of raw tag data. 
This is initfally points to the first word of the band*s tag 
data* which should be aHgned to a 126-bit boundary 
(i.e. the tO¥ver bit of this address should be 0). Read 
only. 


0xD8 


EndOfTagData 
(64-trit aligned ORAM 
address) 


19 


0 


Points to the address of the final tag for the band. 
When all the tag data up to and including address 
enMnagOaia has been read in, the t9_finishedband 
signal Is given and the doneBand flag is set Read 
only. 


OxOC 


FlrstTagUneHelght 


9 


0 


The number of lines nwnus 1 1n the first tag encoun- 
tered in this band. This will be equal to TagMaxUne If 
the band starts at a tag boundary. Read only. 




irs (set before starting the 


TE and must not be touched betwreen bands) 




UnelnTag 


1 


0 


Detennines whether or not the first line of the page is 
in a line of tags or in an thter-tag gap. 
1 • in a tag, 0 - In an Inter-tag gap. 


0x104 


UnePos 


14 


0 


The number of Unes remaining minus 1 . in either the 
tag or the inter-tag gap in at the start of the page. 


0x110 to 
0x1 1C 


TagOata 


4x32 


0 

i 


This 128 bit register must be set up Initially wKh the 
fixed data record for the page. This Is either the lower 
40 (or 56) bits (and the enoocfeftrad register should 
be set), or the lower 1 20 bits (and encodedRxed 
should be dear). The tagData|0] register contains the 
lower 32 bits and the tagData{3J register contains the 
upper 32 bits. 

This register is used throughout the tag encoding 
process to hold the next tag's variable data. 


Yiork registei 
Read*on(y fro 


"s (set intemaJJy) • 

m the point of view of PCU register access 


0x140 


OotPos 


14 


0 


Oefines the number of dotpairs remaining in either the 
tag or Inter-tag gap. Does not need to be setup. 


0x144 


CurrTagPlaneAdr 


14 


0 


The dot-pair nurnber holng generated. 


0x148 


DotslnTag 


1 


0 


Determines whether the current dot pair is in a tag or 
not 

1 - in a tag, 0 - in an inter-tag gap. 
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Tabte 126, TE Conffguratlon Registers 




0x164 



0x158 



0x1 5C 



0x160 



0x164 



0x168 



CurrTFSAdr (64-bit 19 
aligned DRAM address) 



ReadsRemainlng 



CountX 



CountY 



RttfTagSense 



RawTagDataAdr 
(64-bltaligried ORAM 
address) 



19 



Determines whether the production of output dots is 
for the first (and subsequent even) or seoond (and 
subsequent odd) row of tags. 



Points to the start next line of the TFS to be read in. 



Number of reads remaining in the current burst from 
the raw tag data interlace 



The number of tags remaining to be read (minus 1 ) by 
the raw tag data interface for the cun'ent line. 



The number of times (minus 1) the tag data for ihe 
current line of tags needs to be read In by the raw tao 
data Interface. 



Determines whether the raw tag data Interface is cur- 
rently reading even rows of tags (=:0) or odd rows of 
tags (si ) with rasped to the start of the page. Note 
that this can be different from tagAItSense since the 
raw tag data interface is reading ahead of the produc- 
tion of dots. 



The current read address within the unenooded raw 
tag data. 



The PCU accessible registeis ate divided amongst the TE top level and the TE sub-blocks This is achieved 
by including wnte decoders in the sub-blocks as well as the top level, see Figure 153 S ord^r to^S 



control 
pcu_dafaout[31:0]' 






read 
Ideoode 



sub*bJocK 



toj)cu_dataln(31:0J 



te_pcu_rdy 



top level 



Figure 153. Block diagram of PCU accesses 
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26.6.5, 1 Starting the TE and restarting the TE between bands 



The TE must be started after the TFU. 

For the first band of data, users set up NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE's Go bit to start pro- 
cessing of the band. When the tag data for the band has finished being decoded, the tejinishedhand 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
firee. Processing can now start on the next band of tag data. 

In order to process the next band NextBandStattTagDataAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a 1 to NextBandEnabie. There are 4 mechanisms for 
restarting the TE between bands: 

^.tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit The 
CPU reprograms the NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight register^ and sets NexiBandEnable to restart the TE. 

b.Thc CPU programs the TE's NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnabie flag befoie the end of the current 
band. At the end of the current band the TE sets DoneBand As NextBandEnabie is already 1 , 
the TE starts processing the next band immediately. 

cThe PCU is programmed so that tejinishedhand triggers the PCU to execute commands from 
DRAM to reprogiam the NextBandStartTagDataAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnabie bit to start the TE processing 
the next band. The advantage of this scheme is that the CPU could process band headers in 
advance and store the band conmiands in DRAM ready for execution. 

d.This is a combination of Z> and c above. The PCU (rather than the CPU in b) programs the TE's 
NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnabie hit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses tejinishedband. As NextBandEnabie is already 1 , the 
TE starts processing the next band immediately. Simultaneously, te Jinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands fi-om DRAM. The PCU commands program the TE next band shadow reg- 
isters and sets the NextBandEnabie bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
= TagMaxLine, Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed. 
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I 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM. 

Reset ORGo^Q 

Idle ^ 



TagDotLine 

n 



while DToduciny valid tag 



Figure 154. Tag Encoder Top-Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time, with 
the starting position either in an inter-tag gap (signal dotsintag =» 0) or in a tag (signals tfsvalid and tdvalid 
and Imeintag = 1) (a SoPEC may be only printing part of a tag due to multiple SoPECs printing a single 
line), f o o- 

If the current position is within an inter-tag gap, an output of 0 is generated If the current position is 
withm a tag, the tag format structure is used to determine the value of the output dot, using the appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along (he Ime 
of dots, moving through tags and inter-tag gaps according to ttic tag placement paxameteis. 
Table 1 27 highlights the signals used within the FSM, 



Table 127. Signals used within TE top level FSM 







PCIK 


Sync dock used to register all data wilhin the FSM 


prst^n. te^reset 


Reset signals 


advtagline 


1 cycles pulse indicating to TDI and TFS suMslocks to move onto the next line of 
Tag data 


cumJotImeadf(13:0] 


Address counter starting 2 pcfk ahead of currtagplaneadr to generate the correct 
dotpair for the current line 


dotpos 


Counter to identify how many dotpairs wide the tag/gap is 


dotsintag 


Signal identifying whether the dotpair are in a tag(1 Vgap(0) 


Oneintag_temp 


Identical U> lineintag but generated 1 pdk earlier 


linepos_8hadow 


Shadow register tor Unepos due to linepos being written to by 2 different proc- 
esses 


talaltsense 


Rag which alternates between tag/gap lines 


te.state 


FSM state variable 


teplanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvflne 


Advance fine signaf strobed when the last byte in a line is placed on tejtfujwdata 
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Due to the 2 system clock delay in the TFS (both Table A and Table B outputs are registered) the TE FSM 
IS working 2 systen, clocl. cycles AHEAD of the logic genemting the wn^e data for Ae mj M^^t 
the following control signals had to be single/double registered on the system clock. ' » '^"'^ 



dotsintag • 
tdvalid ■ 
tfsvalid - 
tfii_ok_write - 
iineixitag.teinp - 



A 



pclk 



dotsintag] 


tdvalidl 




tfsvalid 1 


» 


tfti_ok_writel 


► 

P 



-►dotsintag2 
-►tdvalid2 
-►tfsvalida 
-►tfu_oK_write2 



Figure 155. Generated Control Signals 
The tag_4otJine state can be broken down into 3 different stages. 

^el:. The state tag_dotJme is entered due to the go signal becoming active. TTiis state controls the 
^Ung of dotbytes to the TFU. As long as the tag line buffer address is not equal to the doZ^^per^e 
I^^rJS" ^-re.^*r«>wnre is active, and there is valid TFS and TD aSlable or tag^s. Lp^ 
^ed^t^rV'^ I r**^,"*" line buffer address is used intemi^ not sJ^ 

plied to the TFU since the TFU is a HFO rather than the line store used in FECI. 

'!^ZI^T^f^ °? ilineintag flag = 1) the dot position counter do^s is decre, 

mented/reloaded (with tagmaxdotpairs or taggapdot) as the TE moves between tags/gaps. "Se 

fSr^lS i^rrT^^PJ^^*''*^' ' fo'*»««) ™»Pa««»continuesStheendofaS 
approaches (fiumdodineadr «=-= thtpairsperline). 

'^'"f '^^l'^'^ *^^,'''»^ dotli"*: *e li»eintag and fag«tec«e signals must be prepared 
for the next dothne be it m a tag/gap dotline or a purely gap dotline. preparea 

f wfLtw Tjf- f'"*'*^ ~ ^* ^"^'^^ *e //n^po^ counter if still in 

aug^gap row or reload the hnepos register, dotpos counter and reprogram the dotsintag flag if going onto 

Ti"^ T- '^'^^ *Ws r4st« is updLe! a 

rows w^'' -J T *° ''^ ^^•^ ^-•^'^"S betw^dot lineTand tag 

rows when rf<,(p<« and Itnepos counters reach zero i.e when do^os = 0 the end of a tag/gap has been 
reached, when /inepo, = 0 the end of a tag row is reached. This s4e uses the signals li^nfZ^^l 
tagaltsense which were generated one system dock cycle earlier in Stage 1 . 



^age3^ This stage implements the writing of dotpairs to the correct part of the 6-bit shift register based on 
the LSBs of currtagplaneadr and also implements the counter for the currtagplaneadr. The currtagvla- 
fartu^^^ reaching c«rrragpfafle«rfr » (dotpairsperline - 1). All the qualifier signals e.g dotsTntag 

Sefid^v';S fel n^^'^'^t^ (which is'S.e imemal wntf 

a^s not needed by the TFU) camiot be mcremented until the dotpairs are available which is always 2 
system c/ocfe cycles later than when currdotlineadf is incremented. i^Juways^ 
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SI 



The wradviine and advtagline pulses are generated using the same logic (cuirently separated in the PECl 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers. 

26.6.7 Combinational Logic 

The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Every 
dot within a tag's boundary is either an information dot or part of the backgroimd pattern. 




^_£-^doteI01 



dotsintag 

Rgure 156. Logic to combine dot Infdmnation and Encoded Data 
The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdotnum), Ae TPS interface oiitputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values (Jdi_etd0 and tdi_etdl) are then combined with the dot information {tfsi_ta_dotO and 
tfsijtajdoti) to produce the dot values that will actually be printed on the page {dots\ see Figure 1 56. 



lastdoHntagl 



dotsintag 
tf svalld 
tdvalid 




Logic 



dQlBfi&. 



dotpairsperfine 




Figure 157. Generation of Lastdotintag/1 

The sigiud lastdotintag is generated by checking that the dots are in a tag (dotsintag = I) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next, lastdotin- 
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S5 



■ J^.T'^^'l"^"^""",-^ ^^"^ odvjfsjine pulse is used to update the Table C 

would rwult in wrong Table C value for the last dotpair. lastdottntag is also used in fte TDi FSM 
(etd_sw.tch state) to pulse the e,d_adv,ag signal hence switching buflfers if the CTD^or the nLt^ 

The signal lastdotiruagi is identical to.lastdoHntag except it is combinatoiially generated (\ cycle earlier 
i^ U^tdomu^g, except at the end of a tagline). lastdotintagl signal is only J^l^ZtTUXxtl^Z 
tdvahd signal on the eye e when dotpas = 0. Note the UNSIGNiD(c«m/.Le«dJ? = JjNsSSdw* 
pau^sperhne) - 1 not UiiSlGlfElKcurrdotlineadr) = UiiS\GNiDidotpairspJine)\ 2^^Z 
/ayr<tomite^_gefi process as this is an combinatorial process. sperime) ^ as m the 



dotsintagi 



trivalicLL 



lineintaol 



te tlhi nkfn(A/ritoi 




dotposvalid 



Figure 158. Generation of Dot Position Valid 

(d^tst^-^uS " '^r* <» bei^g in a tag Une OineintagI = 1). dots being in a tag 

it?SL^iL?rV^^M \ 1 ?^ fo/n.at^tnum«« available - 1) and having encod^i tag dalf 

available (tdvalidj - 1). Note that each of the qualifier signals are delayed bv 1 oclk cvcle du« t» ttJt^ 



dotsintag 
tfsvaffd2 
tdva!id2- 
currtagplaneadr 




^ te_tfu_we 



^ te_tlbi_wradr 



Figure 159. Generation of write enable to the TFU 
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Si 



The signal tejju^wdatavalid can only be active if in a taggap or if valid tag data is available {tdvalidl and 
tfsvalidl) and the currtagpplaneadr{\ 'XS) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 
► 




tagdotnum 


a 




► 



"y^dotpos 

Figure 160. Generation of Tag Dot Number 

The signal uxgdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in tfie dotpos counter from Uie value programmed in the tagmaxdotpairs register. 
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26.7 Tag Data Interface (TDi) 

26.7.1 I/O Specificatfon 

Table 128. TDI Port List 









Pdk 




SoPEC system dock 


I prst_n 


1 


1^ Active-tow. synchronous reset in pdk domain. 


[ DJU Read Interface Signals 




1 diu_data(63:0] 


In 


Data from ORAM. 


1 td^cTiu^rreq 


Out 


Data request to DRAM. 


1 td.diu^radft21:5] 


Out 


Read address to DRAM. 


1 <ffu_td_rack 


In 


Data acknowledge from ORAM, 


Ldiu_td_fvalid 


In 


Data valfd signal from DRAM. 


1 PCU Interface Data, Control Signals and 



pcu^dataout[31:0) 



pcu_addr(8:2} 



pcu_rwn 
pcu_te_sel 



In 



PCU writes this data. 



In 



pcu_ts_reset 



ttf^te.doneband 

t{Lte_dataredun 

M.te_deoode2den 

td_te..varfat)tedatapresent 

tcLte.encodefixed 

td^te.numtagsO 

td.te^numtagsl 

td.te.starttagdataadr 

td_te_rawtagdataadr 

td_te_endoftagdata 

td_te_firsttagimehefght 

td_te_tagdataO 

td_te_tagdata1 

td_te_tagdata2 

td_te_tagdata3 

td_te_countx 

td_te_county 

td_te_rtdtagsense 

td_te_rqadsrema in<ng 

TPS (Tag Format Struct ure) 

tfsLadfO(8:0] 



Out 



PCU accesses this address. 



Gtobal readAvrite-not signal from PCU. 



PCU selects TE for r/W access. 



PCU reset 



PCU readable registers. 



tfsLadftie:0] 
Bandstore Signals 



In 



In 



Read address for dotO 



Read address for doti 



j cdu_star1ofbandstore[24:0] 


tn 


Start memory area allocated for page bands 


1 cdu_endofliand$tore[24:0] 


In 


Last address of the memory altocated for page bands 


[ te.finishedband 


Out 


Tag encoder band finished 
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ee_ftnislie<Sband 




etdRdAtffO 



etitRdAdrl 



dataRetfun H \ 



enooded tag data (nterface 
"A ▲ 



»2 



-7^ 



6 



Figure 161. TDI Architecture 



>• tdVafid 
iastOotlnTag 
lastDotlnTagl 



> taglsPrtnted 



etdO 
^ etdl 



26.7.2 Introduction 



The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the tag 
encoder The smallest typical tag placement is 2niin x 2nim, which means a tag is at least 126 1600 dpi 
dots wide. ^ 

In PECl. in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 
been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles withm PECl. For SoPEC the TE need only produce one dot per cycle; it should be able to pro- 
duce tags m no more than twice the time taken by the PECl TE, Moreover, any change in implementation 
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from two dots to one dot per cycle should not lose the 63/52 cycle perfonnance edge attained in the PECl 

^coXi^^^ '^'^ *° **** "^"^ 7E-««co</e>ixerf. TE_dataredun and TE_<iecode2den 

' l\Sf;?''°'^*V'?''^^*^^ input symbols arc used to produce 15 output symbols, so the output is 
3 times the size oftheinpm. This can be performed on fixed and variable tag data. «»<Puiis 

' ^ "P"* '^^^ "^'^ 15 output symboU. so for the same 

2^^ 6 on nZ 4(rt-'' ^ "? - large as the (15.5) code (for mTre d^ails ^^'S: 

26.7.6 on page 400). This can be performed on fixed and variable tag data 

rSL*!l^?n ^ ^^^-^''^ ^^'^ '^''^^y «xling is required) 

7? ? " "'^'"'"^ " ^^"^ ^'^"^ (15.7) coding is required. Once the fixed tTItota 

IS coded It IS 120-bits long. It is then stored in the Encoded Tag Data Interfece. ^ 

bS ^S^S SifS" ^ ""'^ fonn- When (15.5) coding is required, the 120- 

bite Stored u> DRAM are .mcoded mto 360-bits. When (15.7) coding is required. Uxe 1 12-bite stored in 
vl^i^^^^: T 240-bits. When 2D decoding is required the 120-bi.s stoWd in DRaSi " 
verted mto 240-b.ts. In each case the encoded bits are stored in the Encoded Tag Data Interface. 
The encoded fixed and variable tag data are eventually used to print die tag. 

^l^n^J^ " ^ ^ «^ °f « P^S<=- « «c«x»«l as necessary and 

« then stored m one of the 8xl5-bits registers/RAMs in the Encoded Tag Data Interface. This data^^ 
unchanged m the registers/RAMs until the next page is ready to be pro^ssed. ^ 

^eJ^^a^lTrf^ '^'"f *^ "2? « ^ored in four 32.bit words. The TE re-reads 

i*. irVci " *«8 ^ DRAM, every time it produces that tag. The variable tae 

data FIFO which reads fix)m DRAM has enough space to store 4 tags evariaoietag 
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I 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



ENCODED TAG DATA IMTERFACE 

-Encoded fbcttd data can be Up 120 bits lono 
4/se 2 buffefv to anow for 2 simuitaneousiy 
READS in one cyde. 

•These stores hold (he fixed tag data lor 1 tag. 
-ToCal memory - 120x2 - 240 bits 



RAW TAG DATA MTERRVCE 
B*64 



TAO DATA REGISTER 




REEOSOLOMOH^ 
DECODE 2D 



*7he requested tag is READ 
fctfo this 12e-bit buffer. 
'This buffer can be updated 
up to 163 times/fne. 
•Each tag Mil be loaded 
at least 126 times. 



•mh doMao 126<apecifled} 
-max dotsffna - ieO0x12.B - 20460 
-max tagsAne - 20480^26 - 163 
•max ittriabte data/tag * 120 
•max amount of tag daia/ilna - 120 X 164 
*S|]fit the 120 tag data bits into 2x64-bfts (6 spafo t^) 
•Max memory needed iorl the of tag data -2x54x1 64 -656x32 
•MndetKiinhairioalowloraimuttaneous REAOWRUE 
•OnM alt mis data is loaded it mU be vafld lor at least 126 Ines. 
•fii|omihe specif^ 

-126 0(168 contains 20460x126.2560480 dots, 
•pmfbre me data wll be updated at most every 1 290240 cycles. 
-Itacaf memory » t64ic2x04 • 20992-tK(s 
-The store uses 0-btt addressing. Blt-fi kx&:ates which bufter. 
-Ohm printing has started each hafl bufterhaslAadneinwhicbtobeloaded 
i.& lor a 123 inch One U has 10240 dots or 5120 cyotes 
ior an 6 inch <ne « has 6400 docs or 3200 cycles 




-Have to be aue to nead one tag^ data 
fiom the Raw Tag Data iniettacai, RS 
encode and store n in the Encoded Tag 
Oata Inteiteae fn 63 cycles or leas. 



•Encoded variable data can be up to 360 bits long 
•Use 2 txiners to anow fx 2 sfhxittaneoiiety 
READS in one cycte. 

-Use 2 buffer* to aUow tor sxmultarteously 
REAOAVRITE 

-Tbtal memory- 360x2x2 « 1280 bits 
•Mn tag Midm. 128 dots 

eo the fastesithat 1 tag can be rvad » 126Q • 63 cycles 



Figuro162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from ORAM; 

• the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data Interface - supplies encoded tag data for output; 

• Two 2D decoders. 

The niain performance specification for PEC! is that the TE must be able to output data at a continuous 
rate of 2 dots per cycle. 
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26.7.4 Raw tag data {nterfece 

The raw tag data interface (RTDI) provides a single means of accessing raw tag data in DRAM The RTDI 
passes tag data mto a FIFO where it can be subsequently read as required. TTie 64.bit output from the 
HFOcanbcre^ dire^^^ being used to set/reset as the enable signal 

{rtdAvaiT). The FIFO is clocked out with receipt of an rtdRd signal from the TS FSM. 

Figure 163 shows a block diagram of the raw tag data interface. 



DRAM InteifSaoe 



raw tag data 
ifiterfaca 



T 



raw tag data 
RFO 



d^.data|63.-0) 



rtd_Rlb_wr_en 

Fdptr 

pdk 



rtdbuf[64:0] 



17 



rtd state 
machine 



te.finistiedband 



rtdbtjfI63:0J 



(r rtdbuf data joofstered in Tag Data Reg) 




Figure 163. Raw tag data interface block diagram 



26.7.4- f RTDIFSM 



The RTDI state machine is responsible for keeping the raw tag FIFO frill. The state machine reads the Hne 
of tog dau once for each printline that uses the tag. This means a given line of tag data will be read at least 
126 tunes since the tag height is 126 lines for 2 mm tags. Note that the first line of tag data may be read 
fewer than 1 26 times since the start of the page may be within a tag. In addition odd and even rows of tags 
may contain different numbers of tags. 
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Section 26.6.5 1 outlines how to start the TE and restart it between bands. Users must set the NextBand- 
StartTagDataAdr, NextBandEndOJTagData. NextBandTirstTbgLineHeight and numTagsfOh numTagsf 
registeis before Starting the TE by asserting Go. s numiagsi 

J? ^^^^l^^ "^^^ «''»^"ent bands of a page, the NextBandStartTagDataAdr 

NextBandEndOJTagData and NextBandFir,tTagLineHeigh registers need to be updated (typically 
numTag,[0] and numTagsflJ will be the same if the previous band contains an even number of ti tows) 

t?e TE^Sj^fr^L'''' ^ ^^'^'^ ^ * ^^'^ of reprogSuning 

The tag data is read once for every printline containing tags. When maximally packed, a row of tags con- 
tains 163 tags (see Table 121 on page 364), * 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 

^ stete if there is no variable data present. If thei« is variable data present and 

there are at least 4 spaces left m the FIFO then request a burst of 2 tags from the DRAM (1 • 256bits) 
Counter countx is assigned the number of tags in a even/odd line which depends on the value of reeister 
ndtagsense. Down-counter county is assigned the number of dot lines high a tag will be (min 1 26) Ini- 
tially rt must be set ths/irsttaglineheight value as the TE may be between pages (i.e. a partial tag) For nor- 
mal tag generation cow«0' will take the value of &«m«fi>rei^tct a'^g^rornor 

It-^^'" state wiU generate a request to the DRAM if there are at least 4 spaces in the 

SVk " ^^r.T^ the counter wr_rd_counter which is incremented/decremented on wiites/reads 

J>nZrJ^., " 4 (FIFO is 8 high) ^ere must be 4 locations free. A 

conm>l signal called frf^,«.^«^a/«/,s generated for the duration of the DRAM burst access. Addresses 
are ^ m bursts of I. The counter burst_count controls this signal, (will involve modification to existing 

SSngL'i:^"?i'rbi.'^""^^ 

//a_fo«/:. This state controls the addressing to the DRAM. Counters countx and county are used to moni- 
tor wheAer the TE is processing a line of dots within a row of tags. When countx is zero it me^ all tag 
dots for ttus row are complete. When county is zero it means the TE is on the last line of dots (prior to Y 
s^ingjjor this row of tegs. When a row of tags is complete the sense of rtdtagsense is inv^d (odd/ 
even). The r^agdataadr u> compared to the te_endofiagdata address. \f ray^tagdataadr = endoftagdata 
the tU>neband signa^ ,s set, the/inishedband signal is pulsed, and the FSM enters the rtd stall stete until 
the doneband signal is reset to zero by the PCU by which time the rawtagdata. endoftage'data and Jb-stta- 
^ftneAeigA, registers are settq) with new values to restart the TE. This state is used to count the 64-bit reads 
from the DIU. Each time diu_td_rvatid is high rtd_data_count is incremented by 1. The compare of 
"S^TrTT^Ir 7^"^ " neccessaiy to find out when either all 4*64-bit data has been received or 
n 64-bit data (depending on a match of mwtagdataadr - endoftagdata in the middle of a set of 4*64-bit 
values bemg returned by the DIU. v a on 

This state waits for the the doneband signal to be reset (see page 379 for a description of how 
this occurs). Once reset the FSM returns to the idle state. This states also performs the same count on the 
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diu_data read as above in the case where diu_td_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr = endoftagdata 



variaMedatapresent = O 



I 







CO = 1 AND Wf rri etitjntgf ^ I S 



endot 
burst 



OJU.ACCESS 



tihi td racK «= 1 



^FIFOJ 



LOAD 



doneband = O 



doneband = 1 

S) 



STALL 



Figure 164. RTDI State Flow Diagram 



address 



DRAM addresses 



biand NV 1 



cdtu.startofbaridstore 

T^endoftagdata (fx band N) 

TE.endoftagdata (for band IM^l) 
cdu.endofbandstore 



Figure 165. Relationship between TE.endoftagdata. cdu^startofbandstore and 

cdu.endofbandstore 
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26.7.5 TDI state machine 

The tag data state machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag encoder. 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits ifdatoRedun = 0, and 56 bits if datoRedun = I. If encodeFixed is clear, then the lower 120 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 1 5 symbols. Thus, when datoRedun = 
0, the 5 symbols derived from bits 0-19 are written to symbols 0-4, and the redundancy symbols are writ- 
ten to symbols 5-14. When datoRedun « 1, the 7 symbols derived from bits 0-27 are written to symbols 0- 
6, and the redundancy symbols are written to symbols 7-14. 

When encodeFixed is clear, the 120 bits of fixed data is copied directly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An ocplanation of the states follows. 




Figure 166. TDi State Flow Diagram 

idle> In the idle state wait for the tag encoder go signal - top^o = 1. The first task is to either store or 
encode the Fixed data. Once the Fixed data is stored or encoded/stored the donefixed fiag is set. If there is 
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no variable data the FSM returns to the idle state hence the reason to check the don^d flag before 
advancing i.e. only store/encode the fixed data once. 

^k'^l^^Jf^-^ to «li'««'y store the fixed data in the 

S- jy 1. ^ f- '° ^ <' 5:5) (40-bits) or (15:7) (56-bits) RS encoded or 2D decoded. 

shouldbT enoodefixed and dataredun and decode2den determine what the next state 

bypassjo_adi> The bypass.to.etdi takes 120-bits of fixed data(pre.encoded) from the tag_dataa27 0) 
register and stores .t in the 15*8 (by 2 for simultaneous reads) buffers. The data is paSed from Z 
tag data register through 3 levels of muxing (levell. Ievel2. Ievel3) where it enters the RSO/RSl encoders 
"7 '° ^ '^"'"^^-^ and co«*n,/_7 are zero hence the data passes 

s^t from the mput to the output). The MSBs of the efrf.w.o*- must be high to store this data as^de- 

etd_bitf^itch> This state is used to set the tdvalid signal and pulse the erdL-rf.' tag signal which in turn 
^rrt ^ read write «nse of the ETDi buffers (^sbO). Tb^firsttune signal ^used to identify 
!r^^ ^ tag IS encoded. If zero it means read the tag data from the RTDi HFO and encode. Once 
CTcoded and stored the FSM returns to this state where it evaluates the sense of tdvalid. First time around 
IhrJlv? ^^l^ tdvalid and returns to the rcadtagdata state to fill the 2nd ETDi buffer. After this 
toe FSM returns to this state and waits for the lastdotintag signal to arrive. In between tags when the last- 
doungtag signal is received the etd_adv_tag is pulsed and the FSM goes to the readtagdate state. However 
if Ac lastdotimag signal arrives at the end of a Une there is an extra 1 cycle delay introduced in generating 
^lif^-; K ^ A ^'^-'^-^S-endofline) due to the pipelining in the TFS. TTiis allows all the 
previous tag to be read from the correct buffer and seamless transfer to the other buffer for the next line. 

Z'!^f^T" '° Signal from the taw tag data interface which 

f!! "^^^ ^ ^"^'^ "lister is 128-bits so it takes 2 pulses of the ndrd 

r^fpltt f 2*<54-bits mto &e tag_data register. If the rtdavatt signal is set rtdrd is pulsed for 1 cycle 
and the FSM steps onto the loadtagdala state. Initially the &igfirst64bits wUl be zero. TTie 64-bits of «rf 
are assigned to the tag_data[63:0J and the fi^first64bits is set to indicate the firet raw tag data read is 
V^t^^. ^ f^' ^"^^ *° reai.tagdata state where it geneiates the second rtdrd pulse, 
is Joadtagdata state for where the second 64-bits of rawtag data are assigned to 

'oadtagdata:- The loadtagdata state writes the raw tag data into the.ftig_rfafa register from the RTDi HFO 
Tbe^tt^bus flag IS reset to zero as the tag_data register now contains 120/1 12 bits of variable data. A 
decodeofwhetherto(15:5)or(15:7)RSencodeor2Ddecodethisdata.decidesthenextstate. 
Z-'^rf ''7^ ^r^^-^ Solomon (15:5) mode) state either encodes 40-bit Fixed data or 120-bit 
^ ^ ^ "^^^ '^t* ^"'ble (etd_wr adr and etdy^e 

respectively). Once the fixed tag data is encoded the donefixed&^ is set as this only needsTo be done once 
per page fie variabledatapresent register is then polled to see if there is variable data in the tags If there 

Pir?K '^'^ '^'^ '^TDi and loaded into the tog_rfate register 

Else toe tdvalid flag must be set and FSM returns to the idle state. controL5 is a controlbit for ^ RS 
tncoder and controls feedforward and feedback muxes that enable (15:5) encoding. 

8^"^^" signals for passing 120-bits of variable tag data to the RS 

encoder m 4-bit symbols per clock cycle. rs_counter is used both to control the levell.mux and act as the 
1 5-cycle counter of the RS Encoder. This logic cycles for a total of 3 • 1 5 cycles to encode the 1 20-bits. 

/3L7:- TTw rs_15_7 state is similar to the rs_l 5_5 state except the Ievell_mux has to select 7 4-bit sym- 
Dois instead of 5. 

'!^ff-^'^-r^l-\'''"=^'l'-2a-15_7:- The decodc_2d states provides the control signals for passing the 
120-bu vanable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 
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decoder are combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDi. 

As can be seen from Figure 161. on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels 1-2 are controlled by le>^ll_mux and !evel2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers (etd_wr_adr) 

Figures 167 through 172 illustrate the mappings used to store the encoded fixed and variable tag data in the 
ETDI buffers. 
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95 94.. 


. .65 64 
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127 126. . 


-.97 96 



Te,teodata(t 19.-0) TE.1agdata(1 19:0) 



J curr_write_agcfcurT_read_gdr 

I J ► 



TE„tagdata(127:0) 
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127 126. - 


,.65 64 
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59 58.. 
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d4 <*3 ^2 ^2 <^Q 
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dO to d9 are encoded and stored 
during cycles N to 



Pl9 Pl6 Pl7 P»e Pis Pl4 Pl3 Pl2 Pl1 PtO ^9 <<a tf? <<6 <% 

■ wrBdr(5:0) 




|P29P2eP27Pa6P2SP24P23P22P21 P20^%4<^%i ^12 <<n 



RSI P» P38 P37 P36 P3S P34 P33 P32 Pst P30 *^ia <^17 ^'iS **IS 



die to d1 9 are encoded and stored 
during cycles N^15 to Nt'29' 















d24 ^23 d22 dji dao 


► RSO 


dag d27 d2G d2S 






codewords 
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P37 P27 
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dtfidii 




vffadr(5:0) 



* j P49 P4a P47 P46 P4S P44 P43 P42 P4I P40da4 ^ ^22 <^ 



d20 to d29 are encoded and stored 
during cycles hU-ao to N^44 



RSI — »|P59PS8PS7PS6PS5P54P53P52t^lP50d2gdze<^tf26<'2S 



Figure 167. Mapping of the tag data to codewords 0-7 
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1K.tagdaia(ii9:< 



da dr dfi ds 



Pg Pb Py P6 Ps P4 P3 p2 Pi Po d4d3d2dido 




RSI 



Pi9 Pi8 Pt7 Pi6 Pis Pi4 Pi3 Pi2 Pii Pio<^cfed7d6ds 



do to d9 are encoded and stored 
during cyctes N to N-i't4 



wradr(5:0) 





Pt9P9 




PiePe 




P17P7 




P16P6 




PisPs 




Pl4 P4 
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Pii Pi 
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^ 30 




oodeword 7 -J y 
codBworde— J 



Figure 168. Coding and mapping of uncoded Fixed Tag Data for (15.5) RS encoder 
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do to d29 are stored 
during cydes N to N-f 14 
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Figure 169. Mappfng of pre-coded Fixed Tag Data 
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d|3 dt2 dn d,odg dg dy 
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dO to dl 3 are encoded and Stored 
during cydBsN to N-i-14 
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di4 to d27 are encoded and stored 
during cycTes M4-15 to N-f2g 
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Figure 170. Coding and mapping of Variable Tag Data for (15.7) RS encoder 
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wiadr(S:0) 



TE_tagdata(111:0) 



de ds d4 dj d2 da do 
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dOtod13are encoded and slorad 
during cycTes N to N-f 14 
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Ffgur© 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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I TE_t80dat8(127:0) 


1918.. 


.. 1 0 


6362.. 


..10 




63 62. . ..10 




39 38.. 


.. 21 2C 


127 126. . 


..65 64 




127126.. ,.6564 




59 56.. 


..41 40 


• 








7978.. 


..61 6C 


« 






99 98.. 


..eid< 








119118. 


M01 IOC 



TE_tagdata(l 19:0) TE^tagdata(l 19:0) 



TE_taodata(ligK)) 



wfadr(5:0) 






X X 


' OD 


X X 


oc 


X X 


OB 


X X 


OA 


X X 


09 


Hq H4 


08 


Hfl H3 


07 


Hy H2 


06 


He Ht 


05 


»5 Ho 


04 




03 




02 




01 




00 






wradr(5:0) 



n2>'29'*g»f28f^'27h26«26*l23W 




• upper 2.b(t8 of symbof x 
lowar 2-bits of symbol x 

r after 2D decoding (4-bits long) 
l« after 20 decoding <4^it$ long) 



20 Decoding 



X a dont care 







00 


0001 


01 


00 1 0 


1 0 


01 00 


1 1 


1000 



Xs dont care 



ji4 h4 ^3 lu tii2 tt2 ^11 'n h,o ho 
^19 '19 h,a i„ h,7 l,y h,a 1,^ hts im 





X X 


' 2D 


X X 


2C 


X X 


28 


X X 


2A 


X X 


20 


H29 H24 


26 


H28 H23 


27 


H27 H22 


26 


Hae 


25 


Hzs H20 


24 


^29 L24 


23 


L28 L23 


22 




21 




20 


*-25 L20 



X s dont care 




codewords 

codeword2 • 



codewords 
codeword 4 



14 1 



Figure 172. Mapping of 2D decoded Variable Tag Data 
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26.7.6 Reed Solomon (RS) Encoder 

26.7.7 Introduction 

A Reed Solomon code is a non binaiy. block code. If a symbol consists of m bits then there are a = 2™ dos 
s.blesymbolsdefinu,g the code aIphabet.mtheTE.m=4so the ntmberofpossibksSs^ 
An (n,k) RS code is a block code with k information symbols and n code-woid symbols RS codes have 
the property that the code word n is limited to at most q+1 symbols in length 

• TE_daiaredun = 0 and TE_decode2den - 0. then use the (1 5.5) RS coder 

• TE_dataredun = 1 and TE_decode2den - 0, then use the (15,7) RS coder 

For a (15.k) RS code with m = 4. k 4-bit information symbols appUed to the coder nroduce 1 5 4 hit r-r^. 
A simple block diagram can be seen in. 



"'-^"'"""" H Trrrrrn I »| RS (n.k) encoder 

symbol size m=:4 



1 2 n-l n 



Figure 173. Simple biock diagram for an m=4 Reed Solomon Encoder 

26.7.S I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



pdk 



re_data_fin(3:0I 



enable 



T^dataredun 



Reed Solomon Encoder 



is-data,y fa0] 



Figure 174. RS Encoder I/O diagram 

26^7.9 Proposed implementation 

In the case of the TE. (15.5) and (15,7) codes aie to be used with 4-bits per symbol. 
The primitive polynomial is p(x) = + x + 1 
In the case of the (15,5) code, this gives a generator polynomial of 
g(x) = 

g(x) = x>0 + + a^x^ a^7 + a^x^ + a^\^ + a^x^ + ax^ + aV + ax + a^^ 

g(x)-'X^0 4-g^^ + g3X« + g^X^ + + g^x^ + g^X^ + g3^3 + g^^2 ^ ^ ^ 
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In the case of the (1 5.7) code, this gives a generator polynomial of 

h(x) = (x+a)(x+a2Xx-Ha'Xx+aV+a5)(x+a«)(x+a')(x+a8) 

h(x) = x» + a"x' + a^x^ + aV + aV + a'V + aV + a"x + a« 

h(x) = X* + h^x' + h<iX« + hjxS + h4X'* + hjx' +h2x2 + hjX + ho 

The output code words arc produced by dividing the generator polynomial into a polynomial made up 
trom the input symbols. 

This division is accomplished using the circuit shown in Figure 175. 



control^? 








)02 doos c 


^0* t 












pa 




□ 











contn>l_5 




(S)denota9 an muftfoSer thai 
miAipfies Qatois FMd etements 

0cJenot6ft an adder that 
adds Galofs Field elaments 



control_7 — 3\ 
ooniroLS— Jy 

T^datansdun 
fnux3 



f8_datajn(3:0) 




symbots 
n.daia_oiit(3:0) 



Rgure 175. (15.5) & (15.7) RS Encoder Mock diagram 

The data in the circuit are Galois Field elements so addition and multiplication are perfonncd using special 
circuitry. These are explained in the next sections. 

TJc RS coder can op«ate either in (15.5) or (15.7) mode. The selection is made by the registers 
21^°:^*'^ ^ ^^^'^ conih>/_7 is always zero and when operating in (15.7) mode controLS is 

Firstly consider (1 5.5) mode i.e. TB_datandun is set to zero. 
For each new set of 5 input symbols, processing is as follows: 

The 4-bits of the first symbol dg are fed to the input port «_<&r«_./,{3:0) and controLS is set to 0. mux2 is 
set so as to use the output as feedback. controLS is zero so mux4 selects the input (rs data i/i) as the out- 

Ti^l-iT~v"l^S^ '^'' '^'^ ^ '"^''^ ' ^'''•'>' ^ <^l«^ted. The next symbol 

rf/ IS then apphed to the mput, and again after the data has settled the shift registers are clocked again This 
IS reputed for the n«ct 3 symbols d^. dj and d,. As a result, the first 5 outputs arc the same as the inputs 

VoZt *^ "^f^ """^ ""♦P"^- <:ontn,L5 is set to 1 for the nexi 

10 cycles so that zeros are fed back by mux2 and the shift register values are fed to the output by mux3 
and mux4 by sunply clocking die xegisteis 
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A tuning diagram is shown below. 




Figure 176, (15,5) RS Encoder timing diagram 

Secondly consider (1 5,7) mode i.e. TEJUaar^dun is set to one. 

In this case processing is similar to above except that contn^l 7 stays low while 7 symbols (d^d d^ 
ajje fed m. As well as being fed back into the circuit, these ^boL are fed to L^^^ ^^^^^^ 
cycles. controU is set to 1 and the contents of the shift r^tets are fed to the output 
A timing diagram is shown below. 



elk 

f9.<fata^fiVd:0J 
r5_data_out(3:0J 

rs.oourttor 

TE.datar«dun 

oontiol_j5 

oontrol_7 




Figure 177. (15.7) RS Encoder timing diagram 

The enable signal can be used to start/reset the counter and the shift registers. 

The RS enwxiers can be designed so that encoding staits on a rising enable edge. After 15 symbols have 

ttld'^^tr^^' ""T. ^Wft registers are reset and encoding will proceed untU it is 

1 J^it Tl'Z-'lT^''^ K "^"^'"^ ^'^^ "^^°<^ continuously 

output at a rate of 1 symbol per cycle, even over a few codewords. 

Alternatively, the RS encoder can request data as it requires, 

pie performance criterion that must be met is that the following must be carried out within 63 cycles 

• load one tag's raw data mto TEjtagdata ^y^^^ 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 
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26.7.10 Galois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set. 

The TE uses RS encoding over the Galois Field GF(2^). There are 2^ elements in GF(2'*) and they are gen- 
crated using the primitive polynomial p(x) = + x + 1 . 

The 16 elements of GF(2^) can be represented in a number of different ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representation. 



Table 129. GF(2*) representations 















0 


0 


(00 00) 


1 


1 


(100 0) 


a 


X 


(0 10 0) 






(0 0 10) 






(0001) 




1 +x 


(110 0) 




x+x^ 


(0 110) 


a« 


X2 + X3 


(0 011) 


a' 


1+X +x' 


(110 1) 


a« 


1 +X2 


(1010) 


a« 


X +x* 


(0 101) 


a^o 


1 +X + X2 


(1110) 


a" 


x+x^+x^ 


(0 111) 




l+X + X^ + X^ 


(1111) 




1 +X2 + X2 


(1011) 




.1 ^x^ 


(1 001) 



26.7.11 Multiplication of GF(2^) elements 

The multiplication of two field elements cc* and a** is defined as 
Ct*^ = Clt*,a^ = j3j(a+b)nioduIo 15 

Thus 

So if we have the elements in exponential fonn, multiplication is simply a matter of modulo 15 addition. 
If the elements are in polynomial/tuple form, the polynomials must be multiplied and reduced mod x^ + x 

Suppose we wish to multiply the two field elements in GF(2'*): 
a* » a3X^ + a2X^ + a^x' + a© 
a** « bjx^ + bax^ + b,x" + bo 
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where aj, are in the field (0,1) (i.e. modulo 2 arithmetic) 

Multiplying these out and using + x + 1 = 0 we get: 

a*"'*' = [(aob3 + aibj + ajb, + ajbo) + ajbjjx^ 

+ [(aobj + ajb, + a2bo) + a3b3 + (a3b2 + a2b3)]x^ 
+ [(aobi + a^bo) + (a3b2 + a2b3) + (a,b3 + ajbj + a3bi)]x 
+ [(ao^o + a,b3 + a2b2 + a3b,)] 
a*"** = [aoba + a^bj + ajbi + ajCb© + b3)]x^ 

+ [aoba + a,bi + ajCbo + bj) + aaOJj + bj) jx^ 

+ [aob, + a,(bo + bj) + aaCbj + b3) + a3(b, + bj) ]x 

+ [aobo + a,b3 + a2b2 + a3b|] 



If we wish to multiply an arbitrary field element by a fixed field element we get a moi« simple form. Sup- 
pose we wish to multiply a" by a^. 

In this case = x^ so (aO al a2 a3) = (0 0 0 1). Substituting this into the above equation gives 

a* * (bo + b3)x^ + (b2 + b3)x2 4- (b I + b2)x + b, 
This can be implemented using simple XOR gates as shown in Figure 178 
bj b, bo -a* 
I 



«>«lusivB OR aal« 



Figure 178. Circuit for muKiplying by 



26.7.12 Addition of G F(2^) elements 

If the elements arc in their polynomial/tuple form, polynomials are simply added. 
Suppose we wish to add the two field elements in GF(2'*): 

a* = a3X^ + a2X^ + ajx + ao 

d** = bjx^ + bjx^ -J- b,x + bo 
where a^, b| are in the field (0,1) (i.e. modulo 2 arithmetic) 

a^ = a* + a**-(a3+b3)x^ + (a2+b2)x2 + (a, + b,)x + (ao + bo) 
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Again this can be implemented using simple XOR gates as shown in Figure 179 

02 a, b, a, |w a. 



T T T T 



exclusive OR gate 



Figure 179. Adding two field elements 



26.7,13 Reed Solomon Implementation 

The designer can decide to create the relevant addition and raultipUcation circuits and instantiate them 
where necessary. Alternatively the feedback multiplications can be Lmbined as follo^Ts "^^''^'^ '^^'^ 
Consider the multiplication 



or in terms of polynomials 

(ajx^ + a2x2 + a,x + aolQ>3^^ + bzx^ + b,x + bo) = (cjx^ + cax^ + c,x + cp) 



Table 130. muwplledby all field elements, expressed In terms of a* 




the following signals are required 
• *>0,bj,b2,b3. 
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• ( bo+bj), (bo+b2), (bo+bj). (bj+bz), (bj+bj). (bj+bj). 

• (bo+*i+b2),(bo+b,+b3),(bo+b2+b3),(b,+b2+b3), 

• (bo+bj-i-bj+bj) 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output Unes labelled 0.1.2 & 3. This labelling 
oMTesponds to liie subscnpts of the polynomial/4-tuple representation. The mapping of 4-bit symbols 
from the TE_ta«data register into the RS is as follows: symoois 

- the LSB in the TEjtagdata is fed into lineO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into line2 

- the MSB is fed into line3 

^Iwt Sr^Z.^'s^^ tag data inters is simiUar. Two encoded s>™bols are stored in 

- lineO is fed into the LSB (bit 0/4) 

- linel is fed into the next most significant LSB (bit 1/5) 

- Iine2 is fed into the next most significant LSB (bit 2/6) 

- Iinc3 is fed into the MSB (bit 3/7) 
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Figure 180. RS Encoder Implementation 
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26.7.14 2D Decoder 



The 2D decoder is selected when TE_decode2den = 1. It operates on variable tag data only, its function is 
to convert 2-bits into 4-bits according to Table 131. '"utuon is 

Table 131. Operation of 2D decoder 



00 


000 1 


01 


0010 


10 


01 00 


1 1 


1000 



26.7.15 Encoded tag data interface 



m encoded data interface contains an encoded fixed tag data store interfece and an encoded variable 
tag data store interface, as shown in Figure 181. 



fdAdrf . 



wrAcJf , 



H 7^ 
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Jf4 (low bits) 
9 



encoded 
variable 
tag data 
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datain 6 
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Figure 181. encoded tag data interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the coirect format. 



Table 132. Reord unit 






1 A 




A 


select 1 of 4 codeword tables 




B 


select 1 of 8 codewords 


B 




C 




D 




mn 


D 




E 


select 1 of 15 symbols 




E 


select 1 of 15 symbols 


F 




F 


G 






G 




C 






H 


select 1 of 4 bits 


H 


select 1 of 8 bits 




1 


1 





The encoded fixed data interface is a single 1 5 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fbced data store must be capable of decoding two simultaneous reads in a 
single cycIe.Figure 1 82 shows the implementation of the fixed data store. 



fdAdrOl 



wrAdf ' 



eftwe I 




outO 



outi 



Rgure 182. encoded fixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x 15 x 8-bit RAM with 2 read ports and 1 
write port. The double bufiTering allows one tag*s data to be read (two reads in a single cycle) while the 
next tag*s variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting 1 of 3, and 
4 bits of address for selecting 1 of IS. Read addressing is the same with the addition of 3 more address bits 
for selecting 1 of 8. 

Figure 183 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each time anAdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a 1-bit flag called wrsbO. Although, the initial 
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Tl^Z^^lM^' ""^ '"^"^ '^'^^"^ sub-buffer 
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Figure 183. Encoded variable tag data interface 
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Figure 184. Encoded variable tag data sub-buffer 
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26.8 Tag Format Structure (TFS) Interface 

26.8.1 Introduction 

The TFS specifies.the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 1 85). 

For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently, for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows the next tag line strucnire to be fetched from the TFS in DRAM while the existing tag Une structure 
is used to render the current tag line. 

The TFS interfece is responsible for loading the appropriate line of the tag format strxicture as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 

0 31 



TE.tfsstartadrii 



Teg Fbrmat Structure 
for tag X 



The number of dot Vnes 

InaTao-m^l 

Le. TagHoightm t\^\ 



T^tfsendadr 



TLSX_0 



TLSX,l 



TLSX-2 



TLSX n 



TLSX»1_0 



TLSX-H 1 



TLS X+1 2 



TLSX+1_ 



TabteA 

24x32-bitsa7ea-bits 
<384 entries x 2-bits} 



reMe B 

8 X 32-falts«28B-bits 
(32 entria?! « 



_L 



f 0 9 10- 

TatHeC 
10-bits 

(2 entries x54>lt8) 



t 



23 
24 



32 



33 



31 

22-Mts reserved and unused 



Figure 185. Breakdown of the Tag Format Structure 

There is a TLS for every dot line of a tag. 

All tags that are on the same line have the exact same TLS. 

A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS, 

The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 

line of dots that are outputted to the Tag Plane Line Buffers. 

Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256-bit DRAM read. 



26.8.2 I/O Specification 

Table 133. Tag Fomtat Structure Interfece r^rt Ust 
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Active-low. synchronous reset in pclk domain | 
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Table 133. Tag Format Structure Interface Port List 




tag encoder top level 



top.advtagline 



top.tagaltsense 



topjastdotintag 



top_cfotposvafjd 



top_tagdotnum[7K)] 



tfsLvaJid 



tfsLta_dotO[1:0] 



fn 

IfT 



In 



In 



Pursed after the last line of a row of tags 



For even tag rows = 0 l.e. 0,2.4.. 
For odd tag rows 1 Le. 1,3^.„ 



Last dot in tag Is currentty being processed 



Out 



Out 



Current dot position is a tag dot and Its structure data and tag data is 
available 



Counts from zero up to TE^tagmaxdotpairs (min. ^1, max , = 192) 
TLS tabfes A, B and C. ready for use " " 



Even entry from Table A conesponding to top_tag<fotnum 



tfsi_ta,dot1[1.-03 



Out 



tag encoder top level (PCU read decoder) 



Odd entry from Table A cofresponding to top^tagdotnum 



tfs_te_tfsstartadrf23X)] 



tf8,te.tf8endadf(23:01 



tfs,te_tfsfirstaneadr(23:0] 



tf8,te^cumfsadit23.-0] 



TOI 



Out 



Out 



Out 



Out 



TPS tfsstartadr register 



TPS tfeendadf register 



TFS tfsfirstflneadr register 



TFScLrnrtfeadr register 



tf8i_tdi.adfO(B:03 



tfsijtdLadr1[e:03 



Out 



Out 



Read address for doto (even dot) 



Read address for doti (odd dot) 
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26.8,2.1 State machine 

The state machine is responsible for generating control signals for the various TFS tabic units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle:- Wait for top^o to become active. Pulse advjtfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjtfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(wrtaO). 

diu_access> In the diu.access state a request is sent to the DIU. Once an ack signal is received Table A 
write enable is asserted and the FSM moves to the tlsjoad state. 

^^Joad> The DRAM access is a burst of 5 256-bit accesses, ultimately returned by the DIU as 
I 5*(4*64bit) words. There will be 192 padded bits in the last 256.bit DRAM word The first 12 64-bit 

words reads are for Table A, words 12 to 15 and some of 16 are for Table B while part of read 16 data is for 
Table C. The counter read_num is used to identify which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the tls^update state hence tbwe does not become active until 
readjnum= 16). 

• The DIU data goes directly into Table A (12 ♦ 64), 

• The DIU data for Table B is loaded into a 288-bit register: 

• The DIU data goes directly into Table C. 



tls_update> The 288-bits in Table B need to written to a 32*9 buffer. The tls^update state takes care of this 
using the /^sodLnum counter. 

tls^next,- This state checks the logic level of tfsvalidmd switches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjtfsjine pulse). The reason for switching Table A a cycle early is 
to make sure the topjevel address via tagdotnum is pointing to the correct buffer. Keep in mind the 
topjevel is woiking a cycle ahead of Table A and 2 cycles ahead of Table B. 

IftfsValid is 1, the state machine waits until the advTagLine signal is received. When it is received, the 
state machine pulses advTFSLine (to switch readAvrite sense in tables A, B, C), and starts reading the next 
line of the TFS from currTFSAdr, 

UtfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A. B, C) and then 
jumps to the tls_tfsvaIi<Lsct state where the signal tfsValid is set to I (allowing the tag encoder to start, or 
to continue if it had been stalled). The state machine can then start reading tiie next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:- Simply sets the tfsvalid signal and returns the FSM to the diu^access state. 



If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above* 
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The TFS state flow diagram is shown in below.. 



too pQ=ft 

^ idle J 



^ tfsjoad ^ 



— 1 AMR 



too adutegflnft — 



^ t/s,update ^ 



^ t;s,next ^ 



tfa valid = ft 



■^t>s,,tfsvalid_ser^ 



26.8.3 Generating a tag from Tables A, B and C 



Figure 186. TFSI FSM State Flow Diagram 
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>u^ut dot value is generate ... 

I nese 2-bits are mteipreted according to Table . Table and Table . 



E^h ou^ut dot value is genen^ted as follows: Each entry in Table A consists of l-bits - bitO and bitl. 



Table 134. Cntefpretatlon of bJtO from entry In Table A 



the output brt comes directly from bftl (see Table ) 



the output bft comes from a data bit. Bitl is used in 



Structure Table B to determine which data bit will be output 



conjunction with Tag Line 



Table 135. Interpretation of bitl from entry In table A wfien bItO = 



ltd 



output 0 
output 1 



Il' ^fl'!"!!' ^";^^^ °! ''"^ ^ when bm = 1 




output data bit pointed to t>y current index into Table B 



output data Ml pointed to by cuoem index Into -fable B. and advance indan by 1. 



Each Table B entiy is 9-bits long and each points to a specific variable or fixed data Wt f«r a. ♦ c u 
tag contains a mawmum of 120 fixed and ifio «»rf«ii7!r / J^^^? ^ °" for the tag. Each 



Table 137. Interpretation of 9-blt tag data address In Table B 
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Table 137. Interpretatton of 9-blt tag data address in TabJe B 



S3 




BitSelect 



Select 1 of 1 S symbols (1111 tnvalid) 



Select 1 of 4 bits from the selected symbols 



If the fixed data >s supplied to the TE in an wiencoded form, the symbols derived from codeword 0 of fixed 
*° ^ 'y^^°^' ^^"^^ fix)m fixed data codewo^T ^^mn^^ 

word 7 The data symbols are stoied first and then the remaining redunZ^ slbJ^ ^^^ed ^ 

wards foratotaloflSsymbols. Thus. whenSdala symbols are us«i.the5syS^Sriv^^ 
are wntten to symbols (M. and the redundancy symbS are uritt^o sjLlX^^^i^^^^^ 

S^n1,t;:S'^f4'^^^^'°''^^^^'--^^^^ 

I!!!!!!!: "''^ "^^^^^^^'^ of^ no redundancy encoding 









0-i9 


0-4 


6 


20-39 


0-4 


7 


40-59 


5-9 


6 


60-79 


S-9 


7 


80-99 


10-14 


6 


100-119 1 


10-14 


7 



« ine mieipreianon ot bitl from Tab e A (when bitO = H is relative A 5 hif inH^v 

^SrSdt'i^^ t '^'^ "^•'^T ^ ^^'"^ '^^'^ ^ - apar^Sn^ or may^t:^ 
stort at the first dot m the tag. an mitial value for the index into Table B is needed. Subsequent taes on the 

Set::^^3£tl'* ^ -^L-^O-.-* P-tial tag at .he end oTat^rvT 
thf^i^f?^ ^ rendered. The initial index required due to the tendering of a parti^d tae at 

possible mitial indexes since there are effectively two types of rows of tags in terms of initial offset 
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26.8.4 Architecture 

A block diagram of the Tag Format Structure Interface can be seen in Figure 1 87. 
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Figur© 187. TFS Block Diagram 
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26.8.4. 1 Table A Interface 
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Figure 188. Table A interface block diaoram ' 

JS^nf?» J^'J''/ r ^ ^"^'^ ^'^ ° ^> ^ P««<* to the topjevel 2 cycles after the 

fhl J' ^"'^f " '^^'S ftom registering Tabte A and xSle B ou^S 

hence tins extra legistenng stage for the generation of ta_dotO_lcyclelater and ta_dotl_lcydelater 

Each timean AdvTFSLine pulse is received, the sense of which RAM is being read fiom or written to 
changes. TTus is accomplished by a 1 -bit flag called ^0. Although the initial 4eTf ^ol 
1^ Z"^ T"" T^T ^f-^^^ P^-- A 4-bit coumer called taffrrA^ keeps 
Tlie ume (table A write enable) uiput is set whenever the data in is to be written to table A. The taffrrAdr 
^J^ZTX^9!^^ with each write to table A. Address generation for u,.e and 
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Figure 189. Table A address generator 
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26.8.4,2 Table C InterfacB 

A block diagram of the table C interface is shown below in Figure 190. 
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Figure 190, Table C interface block diagram 

The address generator for table C contains a 5 bit address legister adr that is set to a new address at the 
start of processing the tag (either of the two table C initial values based on tagAltSense at the start of the 
hne and 0 for subsequent tags on the same line). Each cycle two addresses into table B arc generated 
based on the two 2.bit inputs {inO and inl). As shown inSection 139. the output address tbRdAdrO is 

^7 JSd Zt^ ^ """^ "^"^ "^^^^ ^'^^^'^ "^^^^^ """^ 

Table 139. AdrCen lookup table 
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i.X = (fon*t care State. 



26,8.4.3 Tab/e B interface 



The table B interface implementation generates two encoded tag data addresses (tfsi_adrO, tfsi adrJ) 
F^^eTpr'' ^ addresses {tbRdAdrO, tbRdAdrl). A block diagram of table B can be s^en in 
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Figure 191. Table B interface block diagram 

Table B data is initiaUy loaded into the 288-bit table B temporary register via the TFS FSM. Once all 288- 
bit entnes have been loaded from DRAM, the data is written in 9-bit chunks to the 32*9 register arrays 
based on tbwradr. 

Each time an AdvTFSLine pulse is received, the sense of which sub buffer is being read from or written to 
changes. This is accomplished by a 1-bit flag called wrtbO. Although the initial state ofwrtbO is irrelevant 
It must mvert upon receipt of an AdvTFSLine pulse. 

Note:- The output addresses from Table B are registered. 
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27 Tag FIFO Unit (TFU) 

27.1 Overview 

aJdM^lE?? R ^'°u'^l' ""^ "^^'^ transfen^d between the Tag Eacoder (TE) 

ri ^ abstracting the bufFenng mechanism and controls from both units, the iirterface is clean 

between the data user and the data generator: uii«iaw: la wean 

iUir" ? * ''^^MTi ^'^^ ■^'^ "^^S E'^'^oO" provide support for arbitrary Y 

SfT^T?,'* ^ 'f^.u^l integ^scaling of the tag dot data is performed at ^output of theHFO 
Z^l : ^ '^^ ^'^^"^ '° ^ *o ^'"^ «a"i«8 of die TE during a line. The TE 

mterfeces to the TFU withadatawidthofS bits. The TFU interfaces to tie HCU wiAadJaw.^ 
The depth of the TFU FIFO is chosen as 16 bytes so that the HFO can store a single 126 dot tag. 

27.1 .1 Interfeces between TE, TFU and HCU 



TE 



<»_tfi4_wdata 



ta_tfu_wdata and 



i<u_te_aklowjits 
I* — 



tsjlh4_wfa<lv 



TFU 



FIFO 



hcujth 


_advdot 


ltfu_hct 


Jdata . ^ 





.avail 




^ 



HCU 



Figure 192. Interfaces between TE, TFU and HCU 

27.1.1.1 TE*TFU interface 

The interface from the TE to the TFU comprises the following signals: 

• tejtft4__wdata, 8-bit write data. 

• fcjtfu^wdatavaiid, write data valid. 

• te^fii^wradvline. accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal: 

• tfii_te_pktowrite, indicating to the TE tiiat there is space available inthe TFU FIFO. 

The TE writes data to the TFU HFO as long as the TFU's tfu^te^ohowrite output bit is set. Tlie TE write 
will not occur unless data is accompanied by a data valid signal. ^ . nc ic wore 

27.1.1.2 TFU-HCU interface 

The interface from the TFU to the HCU comprises the following signals- 

• tfiijicu_tdata, 1 -bit data. 

• tfujicu^avail data valid signal indicating that there is data avaUable in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal: 
• Acu_{/i/_fie£w^, indicating to the TFU to supply the next dot. 



SI 



27.1.1.2.1 X scaling 



l^^T '\rf^^T'^.^ """'^ '° ^ ^^otivert the final output to 

1600 dp,. Unlike both the CFU and SFU. which support non-integer scaling, the scaling is integer only 
Replication in the X direction is performed at the output of the TFU FIFO on a dot-by-dot basis. 
To account for the case where there may be two SoPEC devices, each generating its own portion of a dot- 
•r^', . ^ ^ replicated the total scale-factor number of times by an individual 

TFU. The dot wiU ultimately be scaled-up correctly with both devices doing part of the scaling, one on its 
lead-out and the other on its lead in. 

Note two SoPEC TEs may be involved in producing the same byte of output tag data straddling the print- 
head boundary. The HCU of the left SoPEC will accept from its TE the con«ct amount of dote, ignoring 
any dots in the last byte that do not apply to its prictfaead. The TE of the right SoPEC wUl be programmed 
^orrect number of dots into the tag and its output wiU be byte aUgned with the left edge of the piint- 
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27.2 Definitions of I/O 



Table 140. TFU Port List 





1^ 




wiwKv «na ncseis 


pdk 


1 


In 


SoPEC Functional dock. 


pfst_n 


1 


In 


Global reset signal. 


PCU tnienace data and control signals 


pcu_addrl3:2] 


2 


In 


PCU address bus. Only 2 bits are required to decode the 
address space for this block. 


pcu.dataotit(3l:0] 


32 


In 


Shared write data bus from the PCU. 


tfu-pcu_daiain{3l :0J 


32 


Out 


Read data bus from the TFU to the PCU 


pcu^iwn 


1 


In 


Common read/not-«vrite signal from the PCU. 


pcujdujsel 


1 


In 


Block select from the PCU When pcu^tfu_sof i9 high both 
pcu_addr&nd pcujdataout axe valid. 


tfu_pcu_rdy 


1 


Out 


Ready signai to the PCU. When tfu_pcu_niy Is high it Indi- 
cates the fast cyde of the access. For a write cyde this 
means pcu^dataouthas been registered by the bk>ck and 

lor a read cyde this means the data on tft/_p«/ datain is 
vaRd. " 


TE Interface data and control signals ' — 


te_tlu_wdata[7X»] 


8 


In 


Write data for TFU FiFO. 


te.tfii.wdatavaCd 


1 


In 


Write data valid signal. 


te.tfujwvradvGne 


1 


In 


Advance tine signal strobed when the last byte In a line is 
placed on te_t^_vrdata 


tfu_te_olctowritG 


1 


Out 


Ready signal indicating TFU has space available in It's FiFO 
and is ready to be written to. 


HCU Interface data and control signals ~ — " 


hcu_lfu.advdot 


1 


In 


Signal Indicating to the TFU that the HCU is ready to accept 
the next dot of data from TFU. 


tfu_hcu_tdata 


1 


Out 


Data from ttie TFU FIFO. 


tfu.hcu^avail 


1 


Out 


Signal indicating vafid data available from TFU RFO. 



27.3 Configuration Registers 



Tabte141. TFU Configuration Registers 



Control reglst 




m 




era 


0x00 


Reset 


1 


1 


A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress. 
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Table 141. TFU Configuration Registers 



mm 














see 
text 


Writing 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go Js deasserted the state- 
machines go to their Idle states but ail 
counters and configuration registers keep 
their values. 

When Go Is asserted all counters are 
reset, but configuration registers keep 
their values 0-e. they don't get reset). 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU is running 

(1 s running, 0 =: stopped). 


Setup registers (constant during processing of page) 


0x08 


XScafe 


a 


1 


Tag scale tactor in X direction. 


OxOC 


XRacScale 


8 


1 


Tag scale factor in X direction for the first 
dot in a line 


0x10 


TEByteCount 


12 


0 


The number of bytes to be accepted from 
the T£ per line. Once this number of bytes 
have b&en received subsequent bytes are 
ignored until there is a strobe on the 
to tfu wra<Mlne 


0x14 


HCUDotCount 


15 


0 


The nunnt>er of (optionaity) x*scaled dots 
per One to be suppHed to the HCU. Once 
this number has been reached the remain- 
der of the current FIFO byte is ignored. 



27,4 Detailed description 



The FIFO is a simple 16-byte store with read and write pointers, and a contents store. Figure 193. 16 bytes 
IS sufficient to store a single 1 26 dot tag. . 6 lo oyics 

,^?iIiSf '""^ TEByteCount bytes is read into the FIFO. All subsequent bytes are ignored untU there 
IS a strobe on the te_tfu^wradvline signal, whereupon bytes for the next line are stored. 

^.^l!l^^fVJ^'u ^^^^^^^'^^'^^^ <^°^ ^ P«>diiced at the output. Once this count is reached any 
more dots m the FIFO byte cuirently bemg processed are ignored For the first dot in the next line the start 
of Ime scale factor, XFracScale, is used 
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Thebehaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 



RfoWrPtr 



te_tftj_data ^ 









Frib 





















■ RdBit 



tftchcu_tdata 



•FifoRdPir 

Figure 193. 16-byte RFO In TFU 

// Concurrently Executed Code: 

z.v:zi V;!.7T.::z^:i:Tr:^:-:: — — - - - -^^ 

" ItlLlZT^llJt'T^' (Pifocntnts ,o pi.oM.x ^ B^toTORx - 0„ then 
else 

tf\i_te_oktowrite = 0 

rr^r" «^ 

if (FifoCntnts !=. 0> AND (BitToTx != 0)then 

tfu_hcu_avaii a 1 
else 

tfu_hcu_avail « 0 

// Output mux of FIFO data 
tfy^hcu^tdata • Fifo [FifoRdPntJ (RdBit] 

// Sequentially Executed Code: 

PifoWrPnt 
FifoContents ++ 
ByteToRx — 

(te_tfu_wradvline 1) then 
ByteToRx « TEByteCount 

if (hcu_tfu_advdot 1 and FifoCntnta != 0) then ( 
BitToTx ++ 

if (RepPrac 1) then 
RepFroc = Xscale 
if (RdBit = 7) then 

RdBit = 0 

FifoRdPnt 

FifoContents — 
else 

RdBit^^' 

else 

RepPrac 
if (BitToTx r:= 1) then ( 

RepPrac = XPracScale 

RdBit = 0 

FifoRdPnt 

FifoContents — 

BitToTx = KCUDotCount 

} 
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28 Haiftoner Compositor Unit (HCU) 

28.1 Overview 

The Haiftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including margins). The spot data and tag data are received in bi-level 
form while the pixel contone data received from the CFU must be dithered to a bi-ievel representation The 
resultant 6 bi-level planes for each dot position on the page are then remapped to 6 output planes and out- 
fnlS ^ * (6 bits) to the next stage in the printing pipeline, namely the dead nozzle compensator 

28.2 Data flow 

Figure 194 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 
data from the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU. Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 bits) is read by the DNC 



contone RFO 
unit interface 



ORAM 
Interfeceunit 





control 






radr 






data 







I 





spot 




tag 




FIFO unit 




RFO unit 




interim 




inteffacd 







Haiftoner/ Compositor Unit 



dead 
nozzte 
compensator 



Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to be programmed in between bands or restarted for each band. The HCU will staU appropriately 
If Its mput buffers are starved At the end of the page the HCU wiU continue to produce 0 for all dots as 
long as data is requested by the units ftuther down the pipeline (this allows later units to conveniently flush 
pipelined data). 

The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle. The map- 
puig of 6 calculated bits to 6 output bits for each dot allows for such example m^pings as compositing of 
the spotO layer over the appropriate contone layer (typically black), the merging of CMY into K (if K is 
present in the printhead), the splitting of K into CMY dots if there is no K in the printhead, and the gener- 
ation of a fixative output bitsticam. 
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28.3 DRAM STORAGE requirements 



SoPEC allows for a number of different dither matrix configurations up to 256 bytes wide. The dither 
matrix IS stored in DRAM. Using either a single or double-buffer scheme a line of the dither matrix must 
be read m by the HCU over a SoPEC line time. SoPEC must produce 13824 dots per line for A4/Letter 
printing which takes 13824 cycles. 

The following give the storage and bandwidtbs requircmcnts,for some of the possible configurations of the 
dither matrix. 

• 4 Kbyte DRAM storage required for one 64x64 (preferred) byte dither matrix 

• 6.25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 1 6 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix. 256 bytes are always read ftom DRAM for each line. 
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28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 
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Figure 195. Block diagram of the HCU 
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28.4.1 Definition of I/O 



Table 142. HCU port list and description 







ana resei 


pdk 


\ 1 


In 


System dock. 




1 1 


In 


System reset, synchronous active low. 


PCU Interface 


pcu.hcu_sel 


1 


In 


Block select from the PCU. When pcu_hcu_set is hfgh both 
pcu^adrand pcu^dataout are valid. 


pcu.rwn 


1 


In 


Common read/hot-write signal from the PCU. 


pcu_adr(7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_datacMit[31:0] 


32 


fn 


Shared wrtte data bus from the PCU. 


hcu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu_pcu_niy is high it indicates 
the last cyde of the access. For a write cyde this means 
pct4.ceataouf has been registered by the btock and for a read 
cyde this means the data on hcu jxu data is valid. 


hcu_pcu_data(31:0] 


32 


Out 


Read data bus to the PCU. 


Diu inierrace 


licu_diu_rreq 


1 


Out 


HCU read request, acth/o high. A read request must be accom- 
panied by a valid read address. 


diu_hcu_rack 


1 


In 


Acknowledge from OIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus, hcu_diujFadr, 


hcu_diu_radrf21:5] 


17 


Out 


HCU read address, 17 bits wide <256-bit aligned %vord). 


dKj_hcu_rvalid 


1 


In 


Read data valid, active high. Indicates that valM read data is 
now on the read data bus, diu^data. 


diu_datai63:0] 


64 1 In 


Read data from DIU. 


CFU Interfaco 


cfu.hcu_avail 


1 


In 


Indicates valid data present on cfu_hcu_c(3-0]data lines. 


cfu_hcu_cOdala[7:0) 


8 


In 


Pbcel of data In contone plane 0. 


cfu.hcu^cldatatT.-OJ 


8 


In 


Pixel of data tn contone plane 1. 


cfujicu_c2data(7:0] 


8 


In 


Pixel of data in contone plane 2. 


c<ij_hcu_c3data(7:0] 


8 


In 


Pixel of data in contone plane 3. 


hcu_cfu_advdol 


1 


Out 


Infonns the CFU that the HCU has captured ttie pixel data on 
cfu_hcu^c[3-0^ta Unas and the CFU can now place the next 
pbcel on. the data lines. 


SFUmterfaee ' ' 


sfu_hcu_avail 


1 


In 


Indicates valid data present on sfu_hcu_sdata. 


sfu_hcu_sdata 


1 


In 


BHevel dot data. 


hcu_sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu^hcu^sdata and the SFU can now place the next dot on the 
data line. 


TFU Interface 


tfu_hcu_avail 


1 


In 


Indicates valid data present on tfu^hcu^tdata. 


thi_hcu_tdata 


1 


In 


Tag dot data. 
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Table 142. HCU port list and description 











hcu_tfu_advdot 


1 


Out 


informs the TFU that the HCU has captured the dot data on 
tfu^hcu^iaata and the TFU can now place the next dot on the 
data line. 


DNC interface 


dnc_hcu_ready 


1 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc.avail 


1 


Out 


Indicates valid data present on hcu^dnc_(iata. 


^.dnc.data[5:0] 


6 


Out 


Output bt-leveJ dot data in 6 ink planes. 



28.4^ Configuration Registers 

The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) ofhcujpcu_data. The configuration registers of the HCU are listed in Table 143. 



Table 143. HCU Registers 




Control registers 



0x00 


Reset 


1 


0X1 


A write to this register causes a reset of the HCU. 


0x04 


Co 


1 


0x0 


Writing 1 to this register starts ttie HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted all counters, nags etc. are 
cleared or given their initial value, but configuration 
registers keep their values. 

When Go Is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
keep their values. 

The HCU should be started a/5ferthe CFU, SFU, TFU, 
and DNC. 

This register can be read to detennine if the HCU Is 
running 

(1 = running, 0 = stopped). 


Setup registers (constant for during processing) 


0x10 


AvailMask 


4 


0x0 


Mask used to determine whk:h of the dotgen units etc. 
are to be checked before a dot is generated by the 
HCU within the specified margins for the specified 
cofor plane. If the specified dotgen unit Is staned, then 
the HCU will also stall. 

See Table 1 44 for bit alfocatlon and definition. 


0x14 


TMMask 


4 


0x0 


Same as AvailMask, but used in the top margin area 
before the appropriate target page is reached. 


0x18 


PageMarginY 


32 


0x0000_ 
0000 


The first line considered to be off the page. 


0x1 C 


MaxDot 


16 


0x0000 


This is the maximum dot number • 1 present across a 
page. For example if a page contains 13824 dots, 
then MaxDot ytAW be 13823. 
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Tabfe 143. HCU Registers 







^^^^^^^^^^^ 


0x20 


TopMargin 


32 


OxOOOO_ 
0000 


The first line on a page to be considered within the 
taroet oaae tor contona and snot data (t\ -s finsi 
printed line of page) 


0x24 


BotlomMargin 


32 


0x0000^ 
0000 


The fln^t lino In fiv> fJtrnAt hnttnm marnin h^r f*^r*ff^nA 
IliV III UK3 lal^Ol UUllUlll ITlcLlQin IvF COmOlie 

and spot data (i.e. first line after target page). 


0x28 


LeftMargin 


16 


0x0000 


1 lio iiiai uui un a unB wiinin ut8 largsi page lor oon* 

tone and spot data. 


0x2C 


RightMargln 


16 


OxFFFF 


1 ne tirsi ooi on a line wimin uie xargeT ngnt margin Tor 
contone and spot data. 


0x30 


TagTopMargin 


32 


0x0000 
0000 


1 ne nrst ii ne on a page to oe oonsioered within trie 
target page for tag data. (0 « first printed line of page) 


0x34 


Tan R Aff^n^ Ajla ^r«if\ 

1 ay Duiuji 1 ««via ryi n 




UXUUvV_ 
0000 


The first One in the target bottom margin for tag data 
(i.e. first Dne after target page). 


0x38 


TagLeftMargin 


16 


0x0000 


The first dot on a Une within the target page for tag 

data. 


0x3C 


TagRlghtMargin 


16 


0xFFF=F 


The first dot on a line within the target right margin tor 
tag data. 


0x40 


OMReadEnable 


1 


0x0 


1 if a dither matrix is specified 
0 if a dither matrix is not specified. 


0x44 


StartDMAdr 


17 


0x0^ 
0000 


r^inis uj uiB ni%»i ^90*011 woiu oi uie iirsi line oi uIb 
dither matrix In DRAM. 


0x48 


EndDMAdr 


17 


0x0_ 
0000 


Points to the last 256-bit word of the last fine of the 
dither matrix in DRAM. 


0x4C 


Linfilncrpfn^nt 

Mil 1 VII d 1 w^t lb 


5 




The number of 256-bit words In ORAM from the start 
of one line of the dither matrix and the start of the next 
One. i.e. the value by which the DRAM address is 

iiicf BtneniBa at uie sicUk w a line so iriBi ii poincs lO uis 
Start of the next fine of the dtther matrix. 


0X50 


DMinltlndexCO 


8 


0x00 


Inrlial Index within 256-byte dither matrix line buffer for 
^A/iiwne ptBTiv u. If using ciouoio*Duii0r scnerne, oniy 
the 7 lst>s are used. 


0x54 


DMLwrindexCO 


8 


0x00 


Ljower index within 256-byte dither matrix line buffer 
for contone plane 0. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x58 


OMUprindexCO 


8 


0x3F 


Upper index within 2564>yte cBther matrix line txjffer 
for contone plane 0. After reading the data at this 

location the index wraps to DMLwrindexCO. M using 
doulile-buffer scheme, only the 7 Isbs ore used. 


Ox5C 


DM!nitlndexC1 


8 


0x00 


Inttlal index within 256*byte dither matrix line buffer for 
contone plane 1. If using doui}Ie*t)uffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrlndexCI 


8 


0x00 


Lower index within 256-t>yte dither matrbc line buffer 
for contone plane 1 . If using double-buffer scheme, 
only the 7 Isbs are used. 


0x64 


DMUprindexCI 


6 


0x3F 


Upper index within 256-byte dither matrix line buffer 
tor contone plane 1 . After reading the data at this 
iocation the index wraps to DMLwrlndexCI. If using 
double-buffer scheme, only the 7 Isbs are used. 
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0x68 


DMlnitlndexC2 


8 


0x00 


Initiai index within 256-byte dither matrix line buffer for 
contone plane 2, If using douWe-buffer scheme, only 
the 7 Isbs are used. 




DM uwnnci6xC2 


8 


0x00 


Lower Index within 256-byte ditfier matrix line buffer 
for contone ptane 2. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x70 


DMUprindexC2 


8 


Ox3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 

dout)(e-buf(er scheme, only the 7 Isbs are used. 


0x74 


DMInltlndexC3 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 3. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x78 , 


DMLwrindexCS 


8 


0x00 


Lower index within 25&-byte dither matrix line buffer 
for contone plane 3. If using double-buffor scheme, 
only the 7 Isbs are used. 


0x7C 


DMUpilndexCa 


8 


0x3F 


Upper index within 256-byte dtther matrix line buffer 
fbr contone plane 3. After reading the data at this 
location the index wraps to DMLwrindexCS, If using 
double-buffer scheme, only the 7 isbs are used. 


0x80 


L/ouDieuneoUT 


1 


0x1 


Selects the dither line buffier mode to be single or dou- 
tile ixjffer. 


0x84 to 0x98 


lOMappingLo 


6x32 


0X0000. 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink*s 64-bit lOMapping value, lOMappingLo repre- 
sents the low order 32 bits. 


0xdCtt>0xB0 


lOMappingHi 


6x32 


0x0000. 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-lMt lOMapping value, lOMappingHi represents 
the high order 32 bits. 


0xB4to0xC0 


cpConstant 


4x8 




The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically be 0. 


0xC4 


sConstant 


1 


0x0 


The constant bhlevel value to output for spot when 
printing in the margin areas of the page. TTils value 
•will typicaffy beO. 


0xC8 


tConstant 


1 


0x0 


The constant bi-level value to output for tag data when 
printing in the margin areas of the page. This value 
wfll typicalJy be 0. 


OxCC 


DitherConetant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix is not available, i.e. when the signal 
dm_ay9«ris 0. This value wiD typically be OxFF so that 
cpCdnstanf can easily be QxOO or OxFF without requir- 
ing a dither matrix (O/fftdrConstanf Is primarily used 
for threshold dithering in the margin areas). 


Debug registers (read only) 
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Table 143. HCU Registers 







m 














Bit 13 s frut_ncu!^avail 
Bft 1 2 B hcu_tfu^a€Mot 
Bit 1 1 s sfuJtcu_avaB 
Bn 10 = hcu_sfu_a<Mot 
Bit 9 % cfti_hGujavsjii 
Bit 8 s hcujcfu^ativdot 
Bit 7 o diKLhcu^fBady 
Bit 6 a /lacdncLawiAr 
Bits 5-0 a ttcu^dncjaata 


0xD4 


HcuOotgenDebug 


15 


N/A 


Bit 14 = aft0r_top_margin 
Bft 13 = in^tagjtarget _page 
Bit 12 s in_tafgetpago 
Bitll a ^DLawa// 
Bit 10 «5.ava// 
Bit 9 = cp^avaii 
BnB = dfp_avaIl 
Bit 7 = acfvcto/ 

Bits 5-0 s Ip,s,cp3.cp2,^1,cpai 

(i.e. 6 bJt input to dot reorg units) 


OxOd 


HcuDitherOebugl 


17 




Bit 9 s advdot 

Bit 8 «s dm^ayail 

Bit 1 5^ = 1_dither_val 

Bits 7-0 = epO_dither_vai 


OxDC 


HcuOitherOebug2 


17 


N/A 


Bit 9 = d(/vdb^ 

Bit d a dmjavait 

Bit 15-B = cp3_dfther^vaJ 

Bits 7-0 = cp2jcftther vail 



28.4.3 Control unit 

The control unit is responsible for controlling the overall flow of the HCU. It is responsible for determin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at ttie spe- 
cific dot location. A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen unit is 
capable of supplying -real* data in this cycle. The term *real' refers to data generated from external 
. sources, such as contone line buffers, bi-level line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data. It must also check that the 
DNC is ready to receive data. 

The contone/spot margin unit is responsible for determining whether the current dot coordinate is within 
the target contone/spot margins, and the tag maigin unit is responsible for determining whether the current 
dot coordinate is within the target tag maigins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit 
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^ hcu_dnc.avafl 
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► hcu.diu_radr 
<fUj_hcu_rvaOd 
diu.data 



s & ^ & 



Figure 196. Block diagram of the control unit 



2B.4.3.i Determine AdvDot 



The HCU does not always require contone planes, bi-level or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer, or a tag layer. In addition, the contone and bi-lcvel 
parts of a page are only required within the contone and bi-level page margins, and the tag part of a page is 
only required within the tag page maigins. Thus output dots can be generated without contone, bi-leve! or 
tag data before die respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been readied (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i.e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be 1 for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 144. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtarget _page after the target page area has been 
reached to allow dot production in the contone/spot margin areas without needing any data in the CPU and 
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SFU. The avail bit for tag color is ANDed with in_tag_target^age after the target tag page area has been 
reached to allow dot production in the tag maigin areas without needing any data in the TFU. 



Table 144. Correspondence between bit in AvailMask and avail flag 



mw 










0 


dm^avaU 


dither matrix data available 


1 


cp_avall 


contone pixels available 


2 


s_avajl 


spot color available 


3 


tp.avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after jtop_margin flag. The 
output bits are ANDed together along with Go and okjio^write (which specifies whether the outpiit buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdot. In this 
way, if the output buffer is full or any of the specified avail flags is clear, the HCU will stall. When the end 
of the page is reached, in^age will be deasserted and the HCU will continue to produce 0 for all dots as 
I long as the DNC requests data. A block diagram of the determine advdot unit is shown in Figure 197. 

The ok_to_read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of hcujinc_avaH), If the DNC is ready to receive the dot 
{dncjicujready is 1) then die dot is read from the output buffer by asserting rdjsdvdou 
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Go 

oK.to_fead 



dncjKuLjisady 




^ advdot 



wr^advdot 



hcu_dnQ_avai] 
^ nt.advdot 



28.4.3.2 Position una 



Figure 197. Block diagram of determine advdot unit 



The position unit is responsible for outputting the position of the current dot (curr _pos, curr_line) and 
whether or not this dot is the last dot of a line (advline). Both curr ^os and currjiine are set to 0 at reset or 
when Go transitions from 0 to 1 . The position unit relies on the advdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, eurr^pos gets incremented. If curr _j>os equals 
max^dot then an advline pulse is generated as diis is the last dot in a line, currjiine gets incremented, and 
the curr_pos is reset to 0 to start counting the dots for the next line. 



2B.4.3.3 Margin unit 



The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the taiget page or in a margin area (see Figure 1 98). This unit is instantiated for both the con- 
tone/spot margin unit and the tag maigin unit. 
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target (op margin 



target bottom margin 



- target page 

- printable page area 
{physical page) 



Figure 19$. Page structure 



The maigin unit takes the current dot and line position, and returns three flags. 

• the first, in_page is 1 if the current dot is within the page, and 0 if it is outside the page. 

• the second flag, in_target^)age, is I if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/lcfVbottom/right margins. 

• the third flag, aftcr_top_maigin, is 1 if the current dot is below the target top margin, and 0 if it is 
within the target top maigin. 

A block diagram of the maigin unit is shown in Figure 199. 



top_fiiafgin 



baltom_niargin- 



page_maroin_y 



curr^Dne 



cucr,.pos 




hijiage in.targeCpage afterjtop.margin 
Figure 199. Block diagram of margin unit 



right^margin 



Jef^^matgln 
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28.4.3.4 Dither matrix tabie interUtce 



The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit. The control flag dm_read_enable 
enables the reading of the dither matrix table line structure from DRAM. If dm_read_enable is 0, the 
dither matrix is not specified in DRAM and no DRAM accesses are attempted. The dither matrix table 
interface has an output flag dm^avail which specifies if the current line of the specified matrix is available. 
TheHCU can be directed to stall when dmjavail is 0 by setting the appropriate bit in the HCU's Avail- 
Mask or TMMask registers. When dm_avaU is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that intcrfeces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the buffer. 
Figure 200 shows a block diagram of the dither matrix table interface. 



advflTB 

advdot 
dm.biit_rndeK.c(P^| 
dmjwr_lndex^c(0-31 
€fm.<4)r.inde}L.c(0-3| 
OoubfeUneBuf 




8tart.dm_adr 

finejncrefnent 
dm_read_enabie 



dHher^oonssant 



cpO.dMher.val cpl_dithef_vaJ cp2_dith8r_val cp3.dlth8r_val 



Figure 200. Block diagram of dither matrix table interface 



28.4.3.4.1 Dither matrix buffer 



The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 
single line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where the data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer Is implemented using a 256 byte 3-port register array, two reads, one write port, 
witti the reads clocked at double the system clock rate (320MH2) allowing 4 reads per clock cycle. 

The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_ovaa[0] and bujffjxvailflj. It also keeps a 
single bit (rd_buff) for the cuircnt buffer that reads arc to occur from, and a single bit iwr_buff) for the cur- 
rent buffer that writes are to occur to. The output value dm^eivail equals buff_avail[rdj}uffj. The output 
value okjo^write equals bujSr-avail[\^JmjBIJ* Note that when using a single line buffer, buff_avail[l] is 
not used 

The read addresses are byte aligned A single dither matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, huff_avcdl[rdjmff] 
is cleared, and rdjbuffis inverted (if using a double line buffer). 

Data is written, 64 bits at a time to the current write buffer when diu_hcu_rvalid is asserted When WrAdr 
is 0x1 F and diujicu_rvalid is 1, intjffijzvailfwrjbuffj is set, and wrjbuff is inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the cuirent write buffer and it is now 
available to be read 



For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte from the cur- 
rent 256-byte read buffer. When Co gets set (0 to I transition), or at the end of a line, the read addresses 
are set to their corresponding initial index. Otherwise, the read address generator relics on advdot to 
advance the addresses within the inclusive range specified the lower and upper indices, represented by the 
following pseudocode: 

i£ (advdot == 1) then 

If (advline 1) then 

rdUadr = dnuinit_index 
elfllf (rd^adr dii\_upr_index) then 

rdLadr = dni_lwr_index 
else 

zd^adr ♦* 

else 

rd^adr = rd_adr 



The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DIU over 4 
clock cycles (64-bits per cycle).Th6 protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are in^lemented by means of the state machine 
described in Figure 201. 

All counters and flags should be cleared after reset or when Go transitions from 0 to 1 . While the Co bit is 
1 , the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dm_read_enable is clear, the state machine does nothing and remains in the idle state. 
When dmjread_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in the dither matrix buffer. 



28.4.3.4^ Read address generator 



28.4.3.4.3 State machine 
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The read address and line^^tartjadr are initially set to start JLm^tidr. The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and access^count equals 3 or 7, a line of dither matrix has just 
been loaded from and die read address is updated to linejstartjadr plus linejncrement so it points to the 
start of the next line of dither matrix. Qine_^tartjadr is also updated to this value). If the read address 
equals endjimjxdr then the next read address will be start Jtm_adr^ thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write, address for the dither matrix bufifer is implemented by means of a modulo-32 counter that is ini- 
tially set to 0 and incremented when diujicu_n^alid is asserted. 
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hcu_dlu_radr e tKu_diu_radr 
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Rgure 201. State mach(ne to read dither matrix table 
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28.4.4 Contone dotgen unit 

The contone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cp^avail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcu^cJu_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

The block diagram for the contone dotgen unit is shown in Figure 202. 
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Figure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
defined within the contone/spot margin area. As a result, if the input flag injuxrget^page is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 

TTie resultant contone pixel is then halftoncd. The dither value to be used in the haIfl:oning process is pro- 
vided by the control data unit The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8-bit dither matrix 
value a I is output. If not, then a 0 is output This means each entry in the dither matrix is in the range 1- 
255 (0 is not used). 
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28.4.5 Spot dotgen unit 

The spot dotgen unit is responsible for producing a dot of bi-level data per cycle. It deals with bi-level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-Ievcl spot layer is only defined within the contone/spot margin area. As a result, if input flag 
injarget_pQge is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a sjavail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the output kcu^Ju^advdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

s_avail « sfu_hci;_avail 

if (in_t*rgetj>age == 1 AND advdot == 1) then 

hcu_sfu_advdot - 1 
else 

hcu_s£u_advdoC = 0 

if ( in.t:argec_page « 1) then 

sp s sfu.hcu^sdata 
else 

sp s 8p_constant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The lag layer is only defined within the tag margin area. As a result, if 
input flag injtag_target_page is 0, then a constant dot value, tp^constant (typically this would be 0), is 
used for the output dot. The tagplane dotgen imit also produces a ^^avail flag which specifies whether or 
not tag dots are currently available for the tagplane, and the ou^ut hcujtfu^advdot to request the TFU to 
provide the next bi-level data value. 

Dot reorg unit 

The dot rcorg unit provides a means of mapping the bi-level dithered data, the spotO color, and the tag data 
to output inks in the actual printhead. Each dot reorg unit takes a set of 6 1-bit inputs and produces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infrared for testing puiposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reoi^ imit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since ail 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reorg unit can take 
the mapping of other reoig units into account. For example, a black plane reorg unit may produce a I only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg imit may generate a I if any 2 of the output color planes is set (taking into accovint 
the mappings produced by the other reorg units). 

If dead nozzle replacement is to be used (see section 29.4.2 on page 448), the dot reorg can be pro- 
granuned to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping flie bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 
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background TFS is to be used, a limited number of nozzles can be replaced If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 

The dot reoig unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1 0 1 0 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit lOMapping value programmable as two 32-bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2^ = 64 bits), as shown in Figure 203. 

input dot 




Figure 203. Block diagiam of dot raorg unit 
The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 
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bi-level dot from contend layer 0 
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bi4evel dot from contone layer 1 
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iM-level dot from contone layer 2 
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black 
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bi4evef spotO dot 


black 
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bl-ievel tag dot 


infra-^tBd 
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29 Dead Nozzle Compensator (DNC) 

29.1 Overview 

The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied fit)in the HCU. and the cor. 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 
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Figure 204. High level block diagram of DNC 



The DNC compensates for a dead nozzles by perfozming the following operations: 

• Dead nozzle removal, i.e, turn the nozzle off 

• Ink replacement by direct substitution i.e. K K 

• Ink replacement by indirect substitution i.e. K -> CMY 

• Error difibsion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles are located and handle any fixative correction due to 
nozzle compensations. Perfonnance must degrade gracefully after 5% dead nozzles. 

29.2 Dead nozzle identification 

Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 10-bit value defines the number of dots between dead 
nozzle colunms'. With the delta information it also reads the 6-bit dead nozzle mask {dn_mask) for the 
defined dead nozzle position. Each bit in the dn_niask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 2S6-bit accesses. A lO-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is defined as a 6-bit dn^mask of all zeros. These null 
dead nozzle identifiers should also be used so that: 

• the dead nozzle table is a multiple of 1 6 entries (so that it is aligned to the 256-bit DRAM locations) 



1. for a 1 0-bit delta value ofd, if the cutrent column n is a dead nozzle column then the next dead nozzle column is given by « + + 1 ). 
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• the dead nozzle table spans the complete length of the line. i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot ou^ut matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead. 



16 bits wide 



Table Entry Structure 



N dead nozzle 
columns 




Figure 205. Dead nozzle table format 



29,3 DRAM STORAGE AND BANDWIDTH REQUIREMENT 

The memoiy required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to r^ a 1 6-bit entry from the dead nozzle table 
for eveo^ dead nozzle. Table 146 shows the DRAM storage and average^ bandwidth requirements for the 
DNC for different percentages of dead nozzles and different page sizes. 

Table 146, Dead Nozzle storage and average bandwidth requirements 







^1 






Memory 
(KBytes) 


Bandwidth 
(bfts/dycle) 


A4* 


5% • 


1.4« 


0.8** 


10% 


2.7 


1.6 


15% 


4.1 


2.4 


A3«» 


5% 


1.9 


0.6 


10% 


3.8 


1.6 


15% 


5.7 


2.4 



a. Bi-lithic printhead has 1 3824 nozzles per color providing full bleed printing for A4/Lettcr 

b. Bi-lithic printhead has 19488 nozzles per color providing full bleed printing for A3 



' ■ n'^f ? ^^"^ ^ spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 

UKAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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c. 16 bits X 13824 nozzles x 0.05 dead 

d. (16 bits read / 20 cycles) = 0.8 bits/cycle 

29.4 Nozzle compensation 

DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink plane(s) 
contains a dead noz2le(s). The DNC first deletes dots destined for the dead nozzle. It then replaces those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). After ink replacement, if a dead nozzle is 
made active again then the DNC perfonns error diffusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed. 

29.4.1 Dead nozzle removal 

If a nozzle is defined as dead, then the first action for the DNC is to turn otT (zeroing) the dot data destined 
for that nozzle. This is done by a bit-wise ANDing of the inverse of the <//i_marJt with the dot value. 

29.4.2 Ink replacement 

Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of die same color (direct substiturion, i.e. K -> Kajtcmativc). placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. K -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intendhig it to be later diffused. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if th^e are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. Sec Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C,M,Y,Ki,K:2.IR and the input dot data from 
the HCU is b 101 100. Assuming that the K| ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl. The DNC first removes the dead nozzle by zeroing the plane to produce 
bl 01000. Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for Kj (in this case the ink replacement pattern for Kj is configured as bOOOOlO, Le. 
ink replacement into the K2 plane). Providing error diffusion for K2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot b 1 0 1 0 1 0. As can be seen the dot data in the defective Ki nozzle was removed and replaced by 
a dot in the adjacent K2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the ink plane could be compensated for by indirect substitution, in which case ink 
replacement pattern for IC| would be configured as bl 1 1000 (substitution into die CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot b 1 1 1000. Here the dot 
data in the defective Ki ink plane was removed and placed into the CMY ink planes. 



Doc: SoPEC_hardware_design S3 Proprietary Document .^9 Nov 2002 

V^^^^Q"' ^ ^ Page 448 




SoPEC : Hardware Design 



29.4.3 Error diffusion 

Based on the programming of the lookup table the dead nozzle may be left active after ink replacement. In 
such cases the DNC can compensate using error difflision. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position, if one is inactive. If both dots are inactive then the choice is arbitrary^ and is determined 
by a pseudo random bit generator. If both neighbor dots arc already active then the bit cannot be compen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required), the 
DNC worics on a set of 3 dots at a time. For any given set of 3 dots, the first dot received from the HCU is 
referred to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Fieurt 
206. 



0-1 



dot A 



dotB 



dote 



direction of dot movement 



Figure 206. Set of dots operated on for error diffusion 



For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead, A 
1 in dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data from dot B should not be diffused into dot A, Simi- 
larly, if dot C is defined as dead, dien dot data fix>m dot B should not be diffused into dot 

Error diffusion should not cross line boimdaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot from the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B shoidd not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B-cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a 1 is already present in dot C, 

• dot C is defined as dead, 

• or dot C is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no compensation needs to be done and dots A 
and C do not need to be changed 

If B is defined to be dead and the dot value for B is 1, then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for "prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C, then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC enror difiusion operation when dot B is defined as dead. 

Table 147. Error Diffusion Truth Table when dot B Is dead 




A input 



A Input 



A input 



A input 



A input 



A input 



A input 



C input 



C input 



C input 



C input 



C input 



C input 



C input 



a. Output from random bit generator. Determines direction of error difrusion (0 = left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to aibitrarily select the direction of diffusion is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 



29.4.4 Fixative correction 



After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the FixativeRequiredMask register) for the new com- 
pensated dot data word and wilder fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixativeAfaskJ configuration register. 
Table 148 indicates the actions to take based on these calculations. 

Table 1 48. Truth table for fixative correction 











1 


1 


Output do! as is. 


1 


0 


Clear fixative plane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as is. 



The DNC also allows the specification of another fixative plane, specified by the FixativeMask2 configura- 
tion register, with FixativeMaskI having the higher priority over FIxativeMaskl. When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskI. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativeMask2, 
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Note that the fixative defined by FtxativeMaskJ and FixativeMask2 could possibly be multi-pait fixative, 
i.e. 2 bits could be set in FixativeMaskl with the fixative being a combination of both inks. 
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29.5 Implementation 

A block diagram of the DNC is shown in Figure 207. 



DRAM Interface Unit 
TT 



hou_dnc_data 



HCU 



tTcu_dnc_avail 



^ dnc Jicu^feady 



17 



^64 



ink 

replacennent 
unit 



A ▲ 4 

38/ 





lru_avall 








fru.data 








iru_dn_fnask 








edu_ready 









error 
diffusion 
unit 



max^dot 



configuration 
registers 

AAA 



32 



i 



fixatjvB_maskl 



Iixative_ma&lc2 



6 y ^6 
t T 



fixative 
correction 
unit 



32 



Dead Nozzle Compensator 



i 



PEP Controller Unit 



s 

i 



Dotline Writer Unit 



Figure 207, Block diagram of DNC 
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29.5.1 Definitions of I/O 



Table 149. DNC port list and description 









Clocks and Resets 


pdk 


1 


In 


System Clock. 


pfst_n 


1 


in 


System reset, synchronous active low. 


PCU interface 


pcu_dnc_8el 


1 


in 


Block select from the PCU. When pcujcUKLseils high both 
pcuLad'r and pcu^dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-wiite signal from the PCU. 


pcu_adit6:2] 


5 


In 


PCU address bus. Only 5 bits are required to decode the 
address space for this block. 


pcu_dataoul(31.'0] 


32 


(n 


Shared write data bus from the PCU. 


dnc_pcu_rcly 


1 


Out 


Ready signal to the PCU. When dnc_pcu_rcty is high It indi- 
cates the last cycle of the access. For a write cyde this 
nteans pcti.d(afiaoi/f has been registered k?y the block and for 
a read cyde this means the data on dSnc_po(/_dEata is valid. 


dnc.jx:u_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU interface 


dnc_diu_rreq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valkf read address. 


dnc_d]u_radff21:5J 


17 


Out 


Read address to OIU. 256-bit word aligned. 


diu_dnc_iack 


1 


In 


Acknowledge from DIU that read request has t>een accepted 
and new read address can be placed on iSncjdiu_radr 


diu.dnc_rvaUd 


1 


In 


Read data valid, active hi^. Indicates that va!M read data Is 
now on the read data bus, diujdata. 


diu_data{63:01 


64 


In 


Read data from DIU. 


HCU Inteftace 


dnc_hcu_rcady 


1 


Out 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avafl 


1 


In 


Indicates vaQd data present on hcuj(k\c_data. 


hcu_dnc_data[5:0J 


6 


In 


Output blHevel dot data in 6 ink planes. 


DWU Interface 


dwu_dnc_reariy 


1 


In 


indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


tndk:ates valid data present on dncjdwujdata. 


dnc_dwu_data(5 rO] 


6 


Out 


Output t)i-level dot data In 6 ink planes. 



29.5.2 Conflgui^lon registei^ 

The configuration registers in the DNC arc programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagranis for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
DNC. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) oi dnc^jicu^data. Table 150 lists the configuration registers in the DNC. 
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Table 150. ONC configuration registers 









Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
ONC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the ONC. Writing 

0 to this register halts the ONC. 

When Go is asserted all counters, flags etc. are 

cleared or given their initial value. Ixit configura- 

tion refipsters keep their values. 

When Go is deasserted the state-nuichlnes go 

to their idle states tnit all counters and conftgu- 

ratfon registers keep their values. 

This register can be read to determine If the 

DNC is running 

<1 s running, 0 « stopped). 


Setup registers ( 


constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maxinium dot number - 1 present 
across a |:>age. For example if a page contains 
13824 dots, then MaxOof will be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print* 
head as some margining may be introduced in 
the PHI. 


0x14 


l-SFR 


32 


0X0000. 
0000 


The current value of the l^SR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value fbr the 32-bit maximum length ran- 
dom bit genetator. Must not be allls for taps 
implemented in XNOR form. (It is expected that 
writing a seed value wHI not occur during the 
operation of the LFSR). 

This LSFR value could also have a possible use 
as a random source in program code. 


0x20 


RxativeMaskI 


6 


0x00 


Defines the higher priority fixative plane(s). Bit 0 

represents the settings for ptane 0. bit 1 for 

plane 1 etc Fbr each bit: 

1 s the ink plane contains ffxative. 

0 s the Ink plane does not contain fixative. 


0x24 


RxativeMask2 


6 


OxOO 


Defines the fower priority fixativa plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when FixativdMaskl 

planes are dead. Fbr each bit 

1 = the Ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x28 


RxativeRaqutredMask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0» bit 1 for 
plane 1 etc. Fbr each bit: 

1 e the Ink plane requires fixative. 

0 « the ink plane does not require fixative (e.g. 
ink Is self-fixing) 
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Tabte 150. DNC configuration registers 



























0x30 


DnTableStartAdr 






1 0x0.0000 


Start address of Dead Nozzle Table in DR/VM. 
specified in 2S6-bIt words. 


0x34 


DnTabieEndAdr 


17 


0x0.0000 


End address of Dead Nozzle Table in DRAM, 
specified in 256-blt words, i.e. the location con- 
taining the last entry in the Dead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-brt boundary, tf necessary it can be padded 
with null entries. 


0x40 - 0x54 


PlaneReptacePat* 
tern{5:0] 


6x6 


0x00 


Defines the ink replacement pattern tor each of 
the 6 Ink planes. PlaneReptacePattem[0] ts the 
ink replacement pattern fbr plane 0. PtaneRe- 
ptacePattemflJis the ink replacement pattern 
for plane 1«etc. 

For each 6-blt replacement pattern for a plane, 
a 1 in any bit posittons indicates the alternative 
ink planes to be used for this plane. 


0x58 


Diffuse Enabte 


6 


0x3F 


Defines whether, after ink replacement, error 
dlftUston is'allowed to be perlbrmed on each 
plane. 

Bit 0 represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 
1 cs error diffusion is enabled 
0 8 error diffusion is disabled 


Debug registers (read onty) 


0x60 


DncOutptitDebug 


8 


WA 


Bit 7 = dwu^dnc^ready 
Bit 6 a d/ic_dWiLaua// 
Bits 5-0 = dnc^dmjLdata 


0x64 


DncReplaceDebug 


14 


N/A 


Bit 13 s edULtBady 
BH 12 s int^avait 
Bits 11-6 = inj_dn_mask 
Bits 5-0 c iru_data 


0x68 


DncDiffuseDebug 


14 


N/A 


Bit 13 B dwu^dnc^ready 
Bit 12 s dncjimijavail 
Bits 1 1-6 » ediudfi,ma8k 
Bits 5-0 ^ Bt^jdata 
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29.5.3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink replacement unit 
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control 
unit 



GenMask 
unit 



rd_acfv 



J 



dotadv 



hcu_dnc_avafl 



dnc_ftctj_ready 



I7y dn^tabie^stait^adr 



17^ dn_taWQ_end_ftdr 



edu^ready 



dn_mask 



Iru_dn_mask 



hcu_dnc_data 



dlffusa_enabte 



■4- 




iru data 



36. 
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Figure 208, Sub-block diagram of ink replacement unit 



29,5.3,i Control unit 



The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64*bits per ^cle). The protocol and tinung for read 
accesses to DRAM is described in section 20.9.1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All coimters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While the Go bit is I , the state nfiachine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rd_count^ is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diu_dnc_rvalid is asserted. When Go \s 1, dn^table^radr is set to 
dnjtable_start_adr. As each 64-bit value is returned, indicated by diu^dnc_rvalid being asserted, 
dnjtable_radr is compared to dnjtabl€jend_adr, 

• If rd_count equals 3 and dnjtable_radr equals dnjtable^end_adr^ then dilutable ^adr is updated to 
dnjtable^tart^adr. 

• \frd_count equals 3 and dnjtable^radr does not equal dnjtable_end_adr, then dn_table_radr is incre- 
mented by 1 . 

A count is kspi of the ntmiber of 64-bit values in the FIFO. When diu_dnc_rvalid is 1 daU is written to the 
FIFO by asserting wrjen^ zndfifojsontents zsadififo^wrjcuir are both incremented. 
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When fifo_contentsf3:0J is greater than 0 and edu_ready is I, dnc_hcu_ready is asserted to indicate that 
the DNC is ready to accept dots from the HCU. If hcu^dnc^avail is also 1 then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and iru_avai! is also asserted. After 
Go is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd^adv pulse is received from the GenMask \XDii^fifo_rd_adr[4:0] is then incremented to select 
the next 16-bit value. If fifo^rd^adr [1:0] = 1 1 dicn the next 64-bit value is read from the FIFO by asserting 
rd^en, and fifo_contents[3:0] is decremented. 



diUtable^ireq ^ 0 ' 



dn tabig mdri=.dfi ta ble end adr 



dilutable, 
drutable. 



ReaatQRpfSt n 
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Figure 209. Dead nozzle table state machine 



29.5,3,2 Dead nozzle FIFO 



The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to account for the 64*bit data 
transfers from the DIU, and tihe individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit In reality, the FIFO is actually 8 entries deep and 64-bit$ wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 1 6-bit aligned, i.e. the upper 3 bits are input as the read address for the FIFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read coTtesponds to bits 1 5-0, second 16 bits to bits 
31-16 etc.). 

29.5.3.3 GenMaskunit 

The GenMask unit generates the 6-bit dn^mask that is sent to Che replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Go is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entxy is available at the output of the dead nozzle FIFO and should be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO, The delta counter is decremented every time a dotadv pulse 
is received. When the delta counter reaches 0, it gets loaded with the current delta value output fix)m the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rdjadv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of die dead nozzle FIFO. 

When the delta coimter is 0 the value in the mask register is output as the dn_masky otherwise the dn_mosk 
is all Os. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to count the 
delta from one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn^mask with the dot 

value. 

The ink rqslacement mechanism has 6 ink rq)lacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with die dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dn_mask will be all Os and the dot, hcu_dnc_data, will 
be passed through unchanged. 
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Figure 210. Logic for dead nozzle removal and ink replacement 
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29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 



fnax_dot • 

lar.data - 
lru.dn_mask - 

irM_avaU - 



dnc_dwu_avaU 
dwujdnc^eady — 
edu.raady ^ 



diffuse 
unit 
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dot 
unit 



acjvdot 



4^ 
4^ 



-► edu_data 



random bit 
generator 



■ mndofn.seed 



29.5.4. 1 Random Bit Generator 



Figure 211. Sub-block diagram of orror diffusion unit 



The random bit value used to aibitraiily select the direction of diffusion is generated by a maximum length 
32-bit LFSR- The tap points and feedback generation are shown in Figure 212. The LFSR generates a hew 
bit for each dot in a line regardless of whether the dot is dead or not, i,e shifting of the LFSR is enabled 
when advdot equals L The LFSR can be initiaiised with a 32-bit programmable seed value, random_seed. 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as this causes the LFSR to lock-up. 



H3l|30|29|28|27{26|2s|24|23|22|2l|20|i9|l8|l7|l6|is}l4|l3|l2|l^ 9hhUh|4|3}2|l|o} 




XNOR 



output 

. bit 



Figure 212, Maximum length 32-bit LFSR used for random bit generation 



29.5,4.2 Advance Dot Unit 

The advance dot unit is responsible for determining in a given cycle whether or not the error diffuse unit 
will accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_dnc_ready control signal from the DWU, the iru^avail flag from 
the ink replacement unit, and generates dnc^dwu_jxvail and edujready control flags. 

Only the dwu_dnc_ready signal needs to be checked to see if a dot can be accepted and asserts edu^ready 
to indicate this. If the error diffuse unit is ready to accept a dot and the ink replacement imit has a dot avail- 
able, then a advdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advice dot imit ignores dwujdnc^ready inidally until 3 dots have 
been accepted by the difiFuse unit. Similarly dnc^dwu^avaii is not asserted until the diffuse imit contains 3 
dots and the ink replacement unit has a dot available. 
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29.5.4.3 Diffuse Unit 

The diffuse unit contains the combinatorial logic to implement the tnith table from Table 147. The difilise 
unit receives a dot consisting of 6 color planes (1 bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error dififusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse imit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and the second as dot B» and the third as dot C. Dots are shifted along die 
pipeline whenever advdot is 1. A count is also kept of the number of dots received. It is incremented when- 
ever ar/v^or is 1 , and wraps to 0 when it reaches maxjdot When the dot count is 0 dot C corresponds to the 
first dot in a line. When tiie dot count is 1 dot A corresponds to the last dot in a Iine< 

In any given set of 3 dots only dot B can be defined as containing a dead nozzle(s). Dead nozzles are iden> 
tified by bits set in iru_dn_masfc. If dot B contains a dead nozzle(s), the corresponding bit(s) in dot A, dot 
C, the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accordingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to inclement fixative correction as defined in 
Table 151. For each output dot the DNC deteraiines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

FlxacivePresent » ( (FixativeHaskl '| Fixat:iveMask2 ) & edu^data) !=< 0 
FixativeRecxuired « (FixativeRequiredMask & edu.data) != 0 

It then looks up the truth table to see what action, if any, needs to be taken. 



Table 1 51 . Truth table for fixative correction 



^^^^^ 








1 


1 


Output dot OS la. 


dnc.dwu.data = edu.data 


1 


0 


Clear fixative ptane. 


dnc^dwu.data = (edu.data) & -{l^xativeMaskl | FixativeMa8k2) 


0 


1 


Attempt to add fixa- 
tive. 


if (FixativeMaskI & DnMa6k)l=0 

dncjdwu.data e (edu.data) | (FixatrveMa8k2 & -DnMask) 
else 

dnc.dwu^daia = <edu_data) | (RxativeMaskl) 


0 


0 


Output dot as is. 


dnc_dwu_data = edu_data 



When attempting to add fixative the DNC first tries to add.it into the plane defined by FixativeMaskL 
However, if this plane is dead then it tries to add fixative by placing it into the plane defined by 
FixativeMask2, Note that if both FixativeMaskI and FixativeMas/c2 are both all Os then the dot data vnU 
not be changed. 



Doc: SoPEC_hardware_desrgn S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 461 



SoPEC : Hardware Design 



30 Dotline Writer Unit (DWU) 



i3 



30.1 Overview 



The Dotline Writer Unit (DWU) receives 1 dot (6 bits) of color information per cycle from the DNC. Dot 
data received is bundled into 256-bit words and transferred to the DRAM. The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for local complexities in the dot data generate pipe- 
line. 



ORAM 
vCaOlU 



ONC 



dot data 



DWU 



dot data 



dot data 



au 



Rgure 213. High level data flow diagram of DWU in context 



30,2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing secjuence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 12 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by D2 print lines and nozzles of different colors 
arc separated by D j print lines. See Figure 214 for reference. The first color to be printed is the first row of 
nozzles encountered by the incoming paper. In the example this is color 0 odd, although is dependent on 
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the printhead type (see Section 35 Memjet Printhead for other printhead arrangments). Paper passes under 
printhead moving downwards. 



Type 0 printhead IC 
Color 5 Even — 
Color 5 Odd — 
Color 4 Even — 
Color 4 Odd — 
Color 3 Even — 
Color 3 Odd — 
Color 2 Even — 
Color 2 Odd — 

• Color 1 Even — 
Color 1 Odd — 
Colore Even — 
Color 0 Odd — 




e ® O O (d 

aoooooQO 



0@€)0€)&90 0 — 
O0000000O 

>00®00000 
000000000 
OOQOOOOQ — 
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000 000000 
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0 00000000- 

' 19 21 23 25^^" 
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16 |im 32 ^im 



Paper 



Type 1 printhead iC 



I 



80 
60 



-Shift register Order 



^^Os^ 5 lines 
Dt=snnes 



Paper Olrectf on 



Note: Paper passes under printhead 

Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bi-lithlc printhead 

For example if the physical separation of each half row is SOfan equating to D|=D2=5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles will fire on dothne L-Di, color I odd nozzles will fire on dotline L-D,-D2 and so on over 6 color 
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planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5= 0 + 11x5 =55. 

See Figure 2 1 5 for example diagram. 
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Figure 215. Paper and printhead nozzles relationship (example with D|=D2«5) 

It is expected that the physical spacing of ithc printhead nozzles will be 80|xm (or 5 dot lines), althou^ 
there is no dependency on nozzle spacing. The DWU is configurable to allow other line nozzle spacings. 



Table 152. Relationship between Nozzle color/sense and line firing 















senee 


illne 


sense 


line 


Color 0 


even 


L * 


even 


L-5 


odd 


L-5 


odd 


L 


Color 1 


even 


U-10 


even 


US 


odd 


L<15 


odd 


L-10 


Color 2 


even 


L-20 


even 


L-25 


odd 


L-25 


odd 


L-20 


Color 3 


even 


L-30 


even 


L-35 


odd 


L-35 


odd 


L-SO 


Color 4 


even 


L-40 


even 


L-45 


odd 


L-45 


odd 


L-40 


Colors 


even 


L-50 


even 


L-55 


odd 


L-55 


odd 


L-50 



30.3 Line rate de-coupling 

The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot Hne store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data g«nieration pipeline) of the FIFOs. 
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i3 



LLU 

Read 

Side 



A logical representadon of the FIFOs is shown in Figure 2 1 6» where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 
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Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D2 and inter-color spacing of D|, with C colors of odd and even half lines, the 
number of half line storage is (C - I) (D2+D1) + Dl, 

For N extra half line stores for each color odd and even, the storage is given by (N ♦ C * 2). 
The total storage requirement is ((C - 1) (D2+D,) 4- Dl + (N * C ♦ 2)) • d/2 in bits. 
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Note that when determining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 c^i, or 6912 dots per half dot line. To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5+0= 330 half dot 
lines in total. If it is assumed that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12=48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 
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264 
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264 


626 


312 


742 
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330 


785 


378 


899 



The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30,5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3. This requires 27 words x 12 half colors (6 colors odd 
and even) « 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per cycle). Each half color is required to be double buffered, while filling one 
buifcr the other buffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6144 bits in total. 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits arc being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM« With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1.5x buffering the average 
DRAM bandwidth requirement is 6 bits per cycle but the peak bandwid^ requirement is 1 2 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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xl.S Buffering 
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Figure 217. Comparison of 1.5x v 2x buffering 



write pt 



read pt 



Shotild ttie DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue the stall in sufficient time for the DNC to respond and still not 
cause a FIFO ovemm. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 Dotline data in memory 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data followed by decieasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed l>y increasing even color data« For both prindiead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order, and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the ColorLineSense register. 
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The dot order in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be dtfTerent the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256-bit words and written in increasing order 
in DRAM, word 0 first, then word 1 , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bundled into 2S6-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-1 and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 



Even Dot Storage in DRAM (Increasing Sense) 
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Figure 218. Even dot order in ORAM (Increasing SensOt 13320 dot wide line) 



Even Dot Storage In DRAM (Decreasing Sense) 



ColorUneInc 
256-bit Woids 



4 s-aaas- 

SKO 


: P\ 

bH2SS 


13318.13316.13314.... 


1212,12610.12808 


12606,12804.12802 


12300,12298,12296 


12294,12292.12290... 


....11786.11766,11784 


• ■ 


; i33iMfrsi2)..... 


.... 13318<(N4^1)*512)42 : 




12800.12602.12604,.... 


.-..10.8.6 


4.2.0 ^ 


^^^^ 



WbrdO 
Wbrdl 
Word 2 

WordN 

Wofd25 
Word 26 



DWU 
Write 
Order 



Figure 219. Even dot order in ORAM (Decreasing Sense, 13320 dot wide line) 

Each half color is configured independently of any other color. The ColorBaseAdr register specifics the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the fifo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by ColorLineInc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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Si 



This process continues until ColorFifoSize number of lines are stored, after which the DRAM address wi& 
wrap back to the ColorBaseAdr address. 
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Rgure 220. Dotline FIFO data structure in ORMff 

As each line is written to the FIFO, the DWU increments the FifoFUlLevel register, and as the LLU reads a 
line from the FIFO the FifoFUlLevel register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwujine^rd line. 

When the number of lines stored in the FIFO is equal to the MaxWriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwujincjready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 



30.7.1 Definitions of I/O 



Table 154. DWU I/O Deflnmon 



Clocks and Resets 



pdk 


1 


In 


System Clock 


prst«n 


1 


In 


System reset, synchronous active k>w 


ONC Interface 


dwu_dnc_ready 


1 


Out 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_ayail 


1 


In 


Indicates valM data present on <fnc_dwu_data. 


dnc_dwu_data(5.*0] 


6 


In 


Input bMevel dot data in 6 Ink planes. 


LLU Interteoe 


dwujiujnejwr 


1 


Out 


DWU line write. Indicates that the DWU has completed a full 
fine write. Active high 


llfu_dwu_lfne.rd 


1 


in 


LLU line read. lndk:ates that the U.U has completed a Rne 

read- Active high. 


LLU and DWU comnr>on configuration 


dwu_au.cfi1bstze[1 1 :0]p:D] 


12x8 


Out 


indicates the number of lines in the FIFO before the iihe 

increment will wrap around in memory. 

Bus 0,1 - Even, Odd Ene coior-O 

Bus 2,3 - Even, Odd line cotor 1 

Bus 4,5 - Even, Odd line ookM* 2 

Bus 6,7 - Even, Odd line color 3 

Bus 8.9 - Even. Odd line color 4 

Bus 10,1 1 - Even, Odd Inie ootor S 


PCU Interface 


pcu_dwu_sel 


1 


In 


Block select from the PCU. When pOLcdwu.se/is high both 
pctLadrand pcu^dataputare valid. 


pcu_nwn 


1 


In 


Common read/not-wrlte signal from the PCU. 


pcu_adr{7:2) 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space tor this bk>ck. 


pcu_dataou1(31 :0] 


32 


In 


Shared write data bus from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dwu_pcu__fdy is high it indi- 
cates the last cycle of the access. For a write cyde this 
means pcujdataout has been registered by the bk>ck and 
for a read cycle this nrwans the data on (iwu_pajjdata is 
valid. 


dwu_pcu.data(d1 :0] 


32 


Out 


Read data bus to the PCU. 


0]U Interface 


dwu_dlu_wreq 


1 


Out 


DWU requests DF^AM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 


dwu_diu.wadit21 :5] 


17 


Out 


Write address to DIU 

17 bits wkje (256-bit aligned word) 


diu_dwu_wack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
dwu_dkuwadr 
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Table 154. OWU I/O DeflnlUon 





SMI miimimw^mmmmwwim 


dwu_diu_data(63:0] 


64 


Out 


Data from DWU to DIU. 256-bit word transfer over 4 cycles 
Rrst 64'btts is bits 63:0 of 256 bit word 
Second 64-blts is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


dwu^diu^wvalid 


1 


Out 


Signal from DWU indicating that data on dwu diu data is 
valid. 
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30.7,2 DWU partition 
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Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 
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the DWU. When reading a register that is less than 32 bits wide zeros should be retumed on the upper 
unused bit(s) of dwu^cu^data. Table 155 lists the configuration registers in the DWU. 



Table 155. DWU registers descHptlon 













ContfDl Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-ectivating. A 
write to this register will cause a DWU block reset. 


0x04 


Qo 


1 


0x0 


Active high bit indicating the DWU Is programmed 
and ready to use. A tow to high transition will cause 
£>WU block internal states to reset (configuration 

registers are not reset). 


Dot Line Store Configuration 


0x08-0x38 


ColorBaseAdrfllX)] 


12x17 


0x00000 


Speo'fies the base address (in words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C-0x6C 


Colorf=1foSize[11:0] 


12x8 


0x00 


Jndtoates the number of lines in the RFO before 
the line increment vnll wrap around in memory. 
Bus 0, 1 ' Even, Odd line cotor 0 
Bus 2,3 - Even. Odd line cotor 1 
Bus 4,5 - Even. Odd line coksr 2^ 
Bus 6.7 - Even, Odd One ootor 3 
Bus 8,9 - Even. Odd Gne color 4 
Bus 10.1 1 - Even. Odd line color 5 


0x70 


CotorUneSense 


2 


0x2 


Specifies whether data written to DRAM for this 
half coksr is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense. 
Bit 1 Defines odd color sense. 


0x74 


ColorEnable 


6 


0x3F 


Indicates wtielher a particular ook>r is active or not 
When inactive no data is written to DRAM for that 
ooloc 

0 - Coksr off 

1 - Color on 

One bit per cotor. bit 0 is Cofor 0 and so on. 


0x78 


MaxWrfteAhead 


8 


0x00 


Specifies the maximum nunnt>er of lines that the 
DWU can be ahead of the LLU 


Ox7C 


LineSize 


16 


0x0000 • 


tndicates the number of dots per line. 


Working Registers 


0x80 


UneOotCnt 


16 


0x0000 


Indk;ates the number of remaining dots In the cur- 
rent line. (Read Only) 


0x84 


RIbRIILevel 


8 


0x00 


Number of tines in the RFO, written to t>ut not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu_go jfmlse 
signal. 



The ColorLineInc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived from the LineSize register by rounding up the nearest 256-bit value. The 
same value used for all half colors, 
if (Iine_si2et7 :0] !=0 ) then 

color_line_inc(7:0J «■ line_size(15 : 81 ♦ 1 
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J3 



else 

color_line_inc[7 :01 = line_sizeC15i8J ; 



30.7.4 Fife fill level 

The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (detennined by the DIU interface subblock and signalled via iine^wr) it increments the 
filllevel and signals the line increment to the LLU (pulse on dwujlujine_wr). Conversely if it receives an 
active llu_dwujine_rd pulse from the LLU, the filllevel is decremented If the filllevel increases to the pro- 
grammed max level imax_write^ahead) then the DWU stalls and indicates back to the DNC by de*asscrt- 
ing the dwu_jinc^ady signal. 

If one or more of the DIU buifers fill, the DIU interface signals the fill level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dnc_ready signal to stall the DNC. The bufjull sig- 
nals will remain active until tilie DIU services a pending request from the full bufifer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures diat the LLU cannot start reading a partial line from 
DRAM before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dynt _go_pulse 
signal. 

The line fifo fill level can be read by &e CPU via the PCU at any time by accessing tiie Pt/bl^lULevel regis- 
ter. 
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30.7.5 Buffer address generator 
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Figure 222. Buffer address generator sub-block 



30,7.5.-1 Bufier address generator description 

The buffer address generator subblock is lesponsible for accepting data fh>m tbe DNC and writing it to the 
DIU buffers in the correct order. 

The bulTer address and acdve bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of the current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once complete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

If the color Jline^sense signal for a color is one (i.e. increasing) then the bit-write generation is straight 
forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit I is active and so on to the 255* dot 
where bit 63 is active (in bufTer word 3). This is repeated for all 256-bit words imtil the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

If colorjline^sense signal for a color is zero (i.e. decreasing) die bit-write generation for that color is 
adjusted by an offset calculated from the pre-programmed line length Qine^^ize). The ofiFset adjusts the bit 
write to allow the line to finish on a 256-bit boundaiy. For example if the line length was 400, for the first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200*** dot of data with bit 0 of wr_bit active (buffer word 
0). 
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30.7.5.2 BiUwrite decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
I the color_Jine_sense signal. Each block determines if it is active on diis cycle by comparing its configured 

type with the current dot count address and the data_active signal. 

The wrjbit bus is a direct decoding of the lower 6 count bits {count[6:l]), and the DIU buffer address is 
the remaining higher bits of the counter {count[lO:7J). 

The signal generation is given as follows: 
// determine the counter to use 
I if <color^line_sense == 1 ) 

count «= up_cnt(10:0) 
else 

count = dn_cnt (10:01 
// determine if active, based on instance type 

wr_en = data_active & (count [0] ^ odd_even_type) // odd =1, even «0 

// determine the bit vnrite value 
wr_bitt63:0J « decode(count [6 : 13 ) 
// determine the buffer 64 -bit address 
vnr_adr[3:0) « count (10:7) 

30. 7.5.3 Up counter generator 

The up counter increments for each new dot and is iised to determine the write position of the dot in the 
DIU bizfTers for increasing sense data. At the end of each line of dot data (as indicated by line Jin), the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dwu^o jpulse is 
one. 

// Up-Counter £/ogic 

if <dwu^o_j>ulse == 1) then ( 

up_cnt{10:0] = 0 
elsif (line_fin == 1 ) then 

// round up 

if (up_cntt8:l) != 0) 
up_cnt(10:9|++ 

else 

up_cnt(10:9) 

// bit-selector 

up_cnt(7;0]=0 

elsif < (dnc_dwu_avail 1) and (dwu„dnc_ready 1 ) ) then 
up_cnt[7:0l4-+ 



30.7,5.4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu _go _jmJse bit is one the lower bits (i.e. 8 to 0) 
of the coimter axe reset to line size value (line^ize), and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The coimter is active when valid dot data is present, i.e. dnc_dwu_avail equals 1 . 

When the end of line is detected [line Jin equals 1) the counter is rounded to the next 256-bit word, and the 
lower bits are reset to the line size value. 

//Down -Counter Logic 

if (dwu_go_^ulse == 1) then 
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dn_cnt[8:0] « line_size [8 :0) 
<3ln_cntClO:9) B 0 
elsif {line_fin == X ) thon 
// perform rounding up 
if (dn_cntt8;l) != 0) 

dln_cnt[10:93*+ 
else 

dn_cnt [10:9] 
// bit-select is reset 

dn_cnt[8:0]sline.8izel8:0) // bit select bits 
elsif ( <dnc_dwu^ftvail == 1) AND (diAi.dnc.ready == 1 ) ) then 
dn_cnt(8:01 — 
dn_cntClO:9]+* 



The dot counter simply counts each active dot received from the DNC. It sets the counter to One jsize and 
decrements each time a valid dot is received. When the count equals zero the line Jin signal is pulsed and 
the counter is reset to Une_size, 

The counter is reset to line^ize when dwu^o _j>ulse is 1. 



The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buifer could be 
implemented with flip-flops should it prove more efficient 



30,7.5,6 Dot counter 



30.7.6 



DIU buffer 
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30.7.7 DIU interface 
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Figure 223. OIU Interface sub-block 



30.7.7.1 DiU Interface generai description 

The DIU interface determines when a buffer needs a data word to be transferred to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred. The 
interface detemunes if further words need to be transferred and repeats the transfer process. 

If the FIFO in DRAM has reached its maximum level, or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
reqiiired to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Go register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dym^o^pulse signal. 
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30.7,7.2 interface controiier 
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Figure 224. interface controller state diagram 

The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_€ictive signal). When an active request is received the machine proceeds to the Col- 
orSelect state to detcnnine which buffers need a data transfer. In the ColorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color^cnt is incremented and the next color is checked. 

In the Request state the machine issues a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DIU (diu_dwu_wack). Once an acknowledge is received the state 
machine clocks through 4 cycles transferring 64-bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the ColorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator (adr_update) to update the address for that selected color. 

If all colors are transferred (color_cnt equal to 6) the state machine returns to Idle^ updating the last word 
flags (group Jin) and request logic (req^update). 

The dwu_diu_wvalid signal is a delayed version of the bu/_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu_go _pulse is 1 . 
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30.7,7.3 Address generator 

The address generator block maintains 12 pointers (color^adrfj J :0J) to DRAM corresponding to current 
write address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req^sel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 

The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the line position in the FIFO, The programming of the colorjbase^adr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the colorJbase_adr specifics the address of the first 
word of first line of the fifo, whereas for decreasing sense colors the colorjbase^adr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu _go _jmlse is 1) is the color_base_€ut: For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
indicated by lasiji^d from that read pointers) the pointer is also incremented. If the woid is the last word in 
a line, and the line is the last line in the FIFO Cmdicated by fifo^end firom the line counter) Oie pointer is 
reset to color Jyasejadr. 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _go _pulse is 1) is the 
colorJ}ase_adr For each line of decreasing sense color data the pointer starts at the line end and decre- 
ments to the line start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by color Jinejnc •2 + 1. One line length to account for 
the line of data just written, and another line lengdi for the next line to be written. If the word is the last 
word in a line, and the line is the last line in the FIFO the pointer is reset to the initialization value (i.e. 
color Jbase_adr), 

The address is calculated as follows: 

if (dwu_go_pul8e == 1) then 

color_adr[ll:0} = color_base_a<artll :0J 121 :51 
elsif (adrjupdate == 1) then { 

// determine the color 

color » re<L«sel[3:0] 

// line end and fifo wrap 

if ((fifo_end[color] 1) AND (la9t_wd == 1)) then { 
// line end and fifo %nrap 

color_adrIcolor] = color_base_adr [color] £21 : 5] 
) 

elsif ( last_>Ka == 1) then ( 

// just a line end no fifo wrap 

if (color^line.sense [color % 21 1) then // increasing sense 
color_adr( color] ' 

// decreasing sense 
color.adr (color) « color^adrC color] < color line inc • 2) + 1 

} 

else { 

// regular word write 

if <color_line_sense [color % 2] 1) then // increasing sense 
CO lor^adr (color] 

// decreasing sense 

color^adr (color) — 

) 

) 

// select the correct address, for this transfer 
<lwu_diu_wadr = color.adr (re(Z_sel) 
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30.7 J A Lfne count 

The line counter logic counts the number of dot data lines stored in DRAM for each color A separate 
pointer is maintained for each color A line pointer is updated each time the final word of a line is trans- 
fezred to DRAM. This is determined by a combination of tidr_update and last_wd signals. The pointer to 
li^Klate is indicated by the req^jsel bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifojsize. If a counter is zero the Jifojmd signals is set high to indicates 
to the address generator block that the line is the last line of this colors fifo. 

If the dwu_go_ptdse signal is one the cotmters are reset to color Jifo _^ize, 

if (dwu_go_pulse » 1) then 

line_cntCll:01 » coior_fifo_size[ll:01 
elsif ({adr_update » 1) AND (last.wd 1)) then ( 

// determine the pointer to operate on 

color = req_sel[3:0] 

// update the pointer 

i£ (1 ine.cn t (color] sn O) then 

line.cnt (color] « color.£ieo_8ize (color) 

else 

line_cnt(i) — 

•) 

// count is zero its the last line of fifo 
for(icO ;i <12;i+'*-){ 

fifo_end(i} = (line_cntti3 == 0) 

} 

30.7.7.5 Read Pointer 

The read pointer logic maintains the buffer read address pointers. The read pointer is used to determine 
which 64-bit words to xead from the buffer for transfer to DRAM. 

The read pointer logic compares die read and write pointers of each DIU buffer to deteraiine which buffers 
require data to be transferred to DRAM (pend[ll:0] bus), and which buffers are full (the bufjull signal). 
Only enabled buffers are considered as indicated by fte color^enable bus. 

Buffers are grotiped into odd and even buffers groups, if an odd buffer requires DRAM access the 
oddjfend signals will be active, if an even buffer requires DRAM access the es^en^pend signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req^acHve 
signal, with the odd^even^el signal determining which group of buffers get serviced The interfece con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to update the requests pending via 
reqjupdate signal. 

The req_^el[3:0J signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even^el signal and the color jcnt [2:0] bus firom the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_fiel 
determines which pointer should be incremented. 
// determine which buffers need updates 
for( i=0; i<12; i^+> { 

// determine if request is active, filtered by color enable 

if ( wr_adr(i] 13:2] !«= rd-adr C i] (3 :2] ) 
pend(i) = color_enable( i / 2] 

else 

penddl = 0 
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// determine if any enabled buffer is full 

if ((wr_adr[i3 [3:0] - r<Uadr [i) (3 :0] ) > 7) AND (color_enable(i / 2 J 1)) then 
buf.full s» 1 

) 

// Odd half colors (1,3,5,7.9,11), even half colors (0,2,4,6,8,10) 
odd^end = ( pend[l) | pend£3) | pend(5) | pend[7] | pend[9J j pend[llj ) 
even^pend = ( pend[0) | pendC21 | pendf4] j pend[67 j pend{8] j pendllO) ) 
// fixed servicing order, only update when controller dictates so 
if (req_update 1) then ( 

if (even.^nd == 1) then // even always Cirst 

odd_even_8el = 0 
req_active =1 
elsif (odd_pend 1 ) then // then check odd 
odd^even^sel « 0 
req^active « I 
«lse // nothing active 

odd_even.sel = 0 
req_active = 0 

) 

// selected requestor 

req_sel(3:0] s {color_cnt [2 :0) , oddLeven_sel > // concatentation 

The read address pointer logic consists of 12 2-bit counters and a woid select pointer. The pointers are 
reset when dwu_go^uIse is one. The word pointer (word^tr) is common to all buffets and is used to read 
out the 64.bit words from the DIU buffer It is incremented when lnif_rd^en is active. If the word jytr is 3 
and 1h&.buf^rd_en is active the selected read pointer {rd_ptr[req_selj) will be incremented. A concatena- 
tion of the read pointer and die word pointer are use to construct the buffer read address. The read pointers 
are not reset at the end of each line. 
// determine which pointer to update 
if (dwu_go_pulse 1) then 

rd__ptr(ll:0) « 0 

word_j)tr « 0 

elsif (buf_rd_en === 1) then { 

word_j?tr+-»- 

if (wordUptr == 3 ) then 
rdLptr I reo^sel ) 

) 

// create the address from the pointer, and word reader 
rd_adr(req_sell = (rcLptrCreq^sel) ,wordj>tr) // concatenation 

The read pointer block detennines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator 

// line end set the flags 
if (dwu_go_pulse == 1) then 

last_flagCl:0] (1:0) = 0 
elsif (line_fin == 1 ) then 

//'determines the current 256-bit word even been written to 

last_flag[0) Iwr^adrlOJ {2) ) =1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(l) (wr_adrtlj [2] ] 1 // odd group flag 
// last word reflection to address generator 
last_wd = last_flag(odd^even_selJ [rdj>tr[re<i_sel) (OJ J 
// clear the flag 
if <group_fin 1 ) then 

last_f lag(odcL.even_sel] frd_ptr [req_sell [0] ] « 0 

When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse Ae line Jin signal. The DWU must wait imtil all enabled 
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buffers arc transferred to DRAM before signaling the LLU that a complete line is available in the dot line 

store idwujlujine_wr signal). When the line Jin is received ail buffers will require transfer to DRAM. 

Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 

the LLU is generated from the last Jiag of the odd groiq>. 

// must be od<J,odd group transfer complete and the last word 

dwu«llu_line_wr » odcLeven_sel AND group_f in AND last.wd 
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31 Line Loader Unit (LLU) 

31.1 Overview 

The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 



owu 




DRAM 




U.U 


dotdata ^ 


RHl 




viaOlU 


dotdata ^ 


^ control ^ 


4 


k 


— SBflttQl 













Rgurd 225. High level data flow diagram of LLU In context 



31,2 Physical requirement imposed by the printhead 

The DWU re-orders dot data into 12 separate dot data line HFOs in the DRAM. Each nFO coiresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interfece. The LLU decides when data should be read from the dot data line FIFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The interaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical spread of nozzles firing over several lines at 
once. For further explanation see Section 30 Dotline Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI), Figure 226 shows the physical relationship of nozzle rows and the line lime the LLU starts 
reading from the dot line store. 



Encountered 
Nozzle Row 
Order 




Paper Row 



Figure 226. Paper and printhead nozzles relationship (example with Di=D2=5) 



Doc: SoPEC_hardware_deslgn 

Version: 2,3 



S3 Proprietary Document 



^ Nov 2002 
Page 484 



SoPEC : Hardware Design 



Within each Line of dot <lata the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 



Even Dot Stream 



Odd Dot Stream M 




M - Mrdway point in dots 
N * Number of dots in a line 



5 Unes 



Paper 
Dlreetion 



Nota: Paper passing under prfnthead 



Figure 227. Printhead structure and dot generate order 



31 .3 Dot generate and transmit order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The LLU reads data 
Irom the dot line FIFO» generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
transmit order for transfer to the printhead. 

The DWU separates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM. The order is programmable but for 
I descriptive purposes assume even in increasing order and odd in decreasing order. The dot order structure 

in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
I decreasing order and the even dot generator produces dot data in increasing order: 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin nimiber of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Generate dot order (to the PHI) 



Even Dot stream 



Transmit dot order(to the printhead) 



6912 dock cydes 

Mid 
Poffit 



Printhead Channel A g^SSSS? 



^ctiZjktiasmiti?. wia^M jK^.a. I 



Printhead Channel s \M 



4072 cbdc cycles 



-X- 



!^U4U dock cydes 



Even dots from Line Y 
Odd dots from UneY*5 



9744 dock cydes 



Example: Une with 13624 dots, with 7:3 printhead 
Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 

At start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreshold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue imtil the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing the PHI to 
stall and potentially generate a print error. The FifoReadThreshold should be dbosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoReadThreshold level in the dot line FIFO is reached. 

Once the FifoReadThreshold is readied the LLU begins page processing, the FifoReadThreshold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the cuztent page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM. For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that color. ColorRelLine [N] specifies the number of lines separating 
the half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contain null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine [0] -5, ColorRelLine [1] =0, ColorRelLine [2] =15, ColorRelLine [3] 
=10.. etc. 
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It is possible to turn off any one of the color planes of data (via the Color Enable register), in such cases the 
LLU will generate zeroed dot data information to the PHI as normal but will not read data from the 
DRAM. 



31.4.1 LLU bandwidth requirements 



The LLU is required to generate data for feeding to the printhead interface, the rate required is dependent 
on the printhead construction and on the line rate configured. The maximum data rate the LLU can pro- 
duce is 12 bits of dot data per cycle, but the PHI consumes at 12 bits per />Ajc/it cycle (2/3 />c/Jtrate), i.e. 8 
bits pcxpclk cycle. Therefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
cycle on average. If 1.5 buflfering is used then the peak bandwidth requirement is doubled to 16 bits per 
cycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate. 
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31.5 Implementation 

31.5.1 LLU partition 



4^ 
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1^ 
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Interface 



3 ^. 
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%w_adr 



4:^ 



x6 
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Buffer 
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wrjdata 
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x6 
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rd_data 



rd_adr 



bo<_emp 



fd data 



rd_adr 
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RFO 
FiU Level 
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16 



Even dot 
generator 
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-> Uu_ph{_avafl[l] 



7^—^ llujshf.data(1| 
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Figure 229. LLU partition 



31 .5^ Definitions of f/O 

Table 156. LLU I/O definition 





mi 






Clocks and Resets 


pdk 


1 


In 


System dock 


prst_n 


1 


In 


System reset, synchronous active low 


PHI Interface 
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Table 1S6. LLU 1^0 definition 



itMmmA^ 








llu_phL<lata[1K>][5:0] 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active in //u_p/iLava//t)us 


phUlu_ready[1 :0] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 - Odd dot data stream 


lhij*Lavafl(1:0] 


2 


Out 


Indicates vaQd data present on corresponding l/u_phi_datB. 

0 • Even dot data stream 

1 - Odd dot data stream 


DIU Interface 


llu_diu_rreq 


1 


Out 


LLU requests DRAM read. A read request must be accompanied 
by a valid read address. 


Ilu_diu_radit215] 


17 


Out 


Read address to DIU 

17 bits %vide (256-btt aligned word). 


diujlu_rack 


1 


In 


Adaiowledge from DIU that read request has been accepted and 
new read address can be placed on nujtSu^mdr 


diu.dataiea.'O] 


64 


In 


Data from DIU to LLU. Each access is 256-bits received over 4 
dock cycles 

First 64-bcts is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Thifd 644)its is bits 1 91 :1 28 of 256 bit %vofd 
Fourth 64-btts Is bits 255:1 92 of 256 bit word 


diu.Ou^rvand 




In 


Signal from DIU telling LLU that valid read data is on the Wujdata 
bus 


DWU Interfece 


dwuJfuJlno_wr 




In 


DWU fine write. Indicates that the DWU has completed a fiili Kne 
write. Active high 


nu.dwujine.rd 




Out 


LLU Hne read. Indicates that the LLU has completed a line read. 
Active high. 


dwu_Ilujcfitosize[1 1:0][7:0] 


12x8 


In 


Indicates the rujmber of lines in the FIFO before the line increment 
will wrap around in memory. 


PCU Interface 


pcujiu.sel 




In 


Block select from tfie PCU. When pcu^ttu^seOs high both pcujadr 
an<i pcu^dataoutare valid. 


pcu_nwn 




In 


Common read^not-writo signal from the PCU. 


pcu_adrf7.-21 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space Cor this bkx^. 


pcu_dataout{3 1 :0] 


32 


In 


Shared write data bus from the PCU. 


Ku_pcu_rdy 


1 


Out 


Ready signal to the PCU. When tiu_pcu_ray\s high It indicates the 
last cycle of the access. For a write cyde this means pcujdataout 
has been registered by the block and for a read cycle this means 
the data on Uu^KUjdata is vaKd. 


Hu_pcu.data(31:0] 


32 


Out 


Read data bus to the PCU. 



31.5.3 Configuration registers 

The coniiguration registers in the LLU are progranuned via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
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LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of llu^pcu^daia. Table 157 lists the configuration registers in the LLU. 



Table 157. LLU registers description 











Control Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset setf de-activating. A 
write to this register wiD cause a LLL) block reset 


0x04 


Go 


1 


0x0 


Active high bit in<ficatirtg the LLU Is programmed and 
ready to use. A low to high tiansition wni cause LLU 
block internal states to reset 


Configuratton 


0x08-0x38 


Color8aseAdrI11:0] 


12x17 


OXOOOO 
0 


Specffres the base address (fx\ words) in memory 
where data from a particular half color (IM) will be 
placed. 


Ox3C 


ColorEnable 


6 


0x3F 


indicates whether a particular color is active or not. 
When inactive no data is written to OIRAM for that 
color. 

0- Color off 
1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x40 


UneSIze 


16 


0x0000 


IrK^icates the number of dots per line. 


0x44 


RfoReacfThreshold 


8 


0x00 


Specifies the number of lines that should be in the 
FIFO before the LLU starts reading. 


0x48-0)^8 


Co!arRelUne[11:0] 


12x8 


0x00 


Specifies the relative number of bies to wait from the 

flrst before starting to read dot data frofn the corre* 

spending dot data RFO 

Bus 0.1 - Even. Odd line ootor 0 

Bus 2,3 - Even. Odd line oofor 1 

Bus 4^ - Even, Odd line ootor 2 

Bus 6«7 - Even, Odd line ootor 3 

Bus 8.9 - Even, Odd line color 4 

Bus 10,11 > Even. Odd line cotor 5 


Wbrklng Registers 


0x7C 


RfoFiilL^evel 


8 


0x00 


Number of lines In the dot line FIFO, line written in but 
not read out. (Read Only) 



A low to high transition of the Co register causes the internal states of the LLU to be reset All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the llu^o _jni!se 
signal. 



The ColorLineInc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read firom DRAM. It is derived from 
the LineSize register by rounding up the nearest 2S6-bit value. The same value used for all half colors, 
if <line_sizo(7i0] 1=0 ) then 

color_ltne_inct7sOJ = line.size(15 :8] ♦ 1 
else 

color_line_inc(7:0) = line.sizetlS : 8] ; 
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i3 



31.5.4 Dot generator 
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1 



fd adr ^ 
/ ^ 



OIU 
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rd^data^^^ J^d&tB ^ 



x6 



6^ 



— ^ dot_data 



Figure 230. Dot generator RTL Diagram 



The dot generator block is responsible for reading dot data from the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for llu^en signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of the dot generator, one generating odd data and the other generating 
even data. 

At any time the ready bit from die PHI could be de-asserted, if this happens the dot generator will stop 
generating data, and wait for the ready bit to be rc*asserted 



3i.5A.i Dot count 

In normal operation the dot counter will wait for die llu^en and the ready to be active before starting to 
count. The dot count will produce data as long as the pfUJlu_ready is active. If the phijlu^ready signal 
goes low the count will be stalled. 

The dot counter increments for each dot that is processed per line. It is used to determine the line finish 
position, and the bit select value for reading from the DIU buffers. The counter is reset after each line is 
processed Qinejin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note that odd numbers of dots will be rounded down). 

// define t:he line finish 
I if <dot_cnt(14:0] line.aize(15: 1] )thea 

line_fin = 1 
else 

line_fin = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1) AND (phi_llu_ready == 1) AND <buf_exi«> ■« OH 
// counter logic 
if (llu_£ro_pulse == 1) then 
dot_cnt = 0 

elsif ((dot_active == 1>AND (line_fin == 1)) then 

dot_cnt e 0 
elsif (dot^active 1) then 

dot_cnt a dot_cnt + 1 
else 

dot_cnt =s dot_cnt 
/ / calculate the word select bits 
bit__sel(5:0] := dot_cntC5:0J 



Doc: SoPEC_hardware_design 

Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 491 




SoPEC : Hardware Design 




The dot generator also maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when llu^o_pulse is 1. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word. This allows for more efficient use of the DIU buffers at line finish. 

// read pointer logic 
if (llu^go^ulse 1) then 
read_adr = 0 

elsif (( dot_active == 1) AND (dot_cnt(5:01 = 63 ) ) then 

read^adr ♦+ . // normal increment 

elsie (( detractive =« 1) AND (line_fin i ) ) then { 

// special end of line case 

if (dot_cntC7:0) 1= 0) then 



The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end (dwujlujine^wr active pulse) it increments the fillleveL Conversely if the LLU detects a 
line end (line^rd pulse) the filllevel is decremented and the line read is signalled to the DWU via the 

llu_dmijline^rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled. It waits for the DWU to write lines to the 
dot line FIFO, and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold (fifo_read_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llu_en high. Once the LLU has started processing dot data for a page it will not 
stop if the filllevel falls below the threshold 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. The CPU must toggle the Co register in the LLU for the block to be coirectly initialized at page start 
and the fifo level reset to zero. 

if (llu_go_pulse «« 1) then 
filllevel = 0 

elsif ((line^rd 1) AND (dwu_llu_line_>fr ==1)) then 

// do nothing 
elsif (line^rd == 1) then 

filllevel -- 
elsif (dwu_llu_line_wr == 1) then 

filllevel ++ 

// determine the threshold, and set the LLU going 
if <llu__go_pulse «« 1) then 
llu_en = 0 

elsif (filllevel f ifo_read_thre8hold > then 
llu_en = 1 



read_adr(3 :2) 
read.adr (1:0J = 0; 



// end of line round up 



> 



31.5.5 Fifo fill level 
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31.5.6 DJU interface 
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Figure 231. DIU interface 



31.5.6.1 DtU interface description 



The DIU interface block is responsible for determining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating Hu_€n signal. The DIU interface controller then 
issues requests to the DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface determines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 
For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color_enable bus determines which colors are enabled, the interfece never issues DRAM 
requests for disabled colors. 
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31.5.6.2 interface controHer 
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State Description: 

Idle : Idle state wait for active request 

ColorSelect Select the color to update before 
requesting to DIU 

Request Request issued wait for adoiowledge 

DataO: Data word 0 transfer 

Datal: Data word 1 transfer 

Data2: Data word 2 transfer 

Dated: Data word 3 transfier 



adrjupdaiQBl 
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Figure 232. interface controller state diagram 



The interface coatroUer co-ordinates and issues requests for data transfers from DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller (llu_en) and a request for data transfer is 
received from the write pointer bloclc. 

When an active request is received (req_active equals I) the state machine jumps to the ColorSelect state 
to deteimine which colors (color^cnt) in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled (cohr^enable) the count just increments, and no data is 
transfeired. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and does not 
issue a request to DRAM. 

The state machine determines if a null transfer is required by checking the color jstart signal for that color. 

If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jiunps 
directly to the data transfer states {DataO to DataS), The machine clocks through the 4 states each time 
writing a null 64-b2t data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

If the color_^art is active then a data transfer is required. The state machine jimips to the Request state 
and issue a request to the DIU controller for DRAM access by setting llu^diu^rreq high. The DIU 
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responds by acknowledging the request {diujlu_rack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
(adr^update). The state machine clocks through DataO to DataS states each time writing the 64-bit data 
into the buffer selected by the req^se! bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color^cnt is 6) the state machine will return to the Idle state. On transition it will update the woni counter 
logic (word_dec) and enabled the request logic {reqjupdate), 

A reset or llu_^o_pulse set to 1 will cause the state machine to jimip directly to Idle. The controller will 
remain in Idle state until it is enabled by the LLU controller via the llujsn signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level. 

315.6.3 Color activate 

The color activate logic maintains an absolute line coimt mdicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the llu^o^lse is 1 and incremented each time a line^rd 
pulse is received. The coimt value (line^cnf) is used to determine when to start reading data for a color. 

The count is implemented as follows: 
if < llu_go_pulse == 1) then 

line_cnt = 0 
elsif ( line_rd == 1) then 

1 ine_cnt +♦ 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data fh)m DRAM for a particular half color. It signals the interface controller block 
which colors are active for this dot line in a page (via iht color^start bus). It is used by the interface con- 
troller to determine which DIU buffers require null data. 

Once the color_fitart bit for a color is set it cannot be cleared in the.nomial page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Co bit and causing a pulse on the 
llu^^o^ulse signal. 

Any color not enabled by the color_enable bus will never have its color^start bit set. 

for (i=0; i<12;i++) { 

if ( llu_9o_pulse 1) then 

col_on(i] a 0 
elsif ( color_enable(i « 6) s= X ) then 

col_on(i) 9 0 
elsif < line_cnt «« color_rel_line[i] ) then 

col_onti3 « 1 

} 

// select either odd or even colors 

if ( odd_even_.sel 1 } then // odd selected 

color_st«rt (5:0] = {col_on 111}, col_on [9 ) , col.on [7 J , col.on 1 5 ] , col_on(3 J , col_on 1 1 ) > 
else // even selected 

color.start (5:0] = {col_on ( 10 J , col^on £ 8 ] , col.on [ 6 ) . col_on (43. col_on 12 ) , col_on (0 } ) 



31.5.6,4 Address generator 

The address generator block maintains 12 pointers (color^adrfl 1 :0J) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the reqjsel 
bus, and the pointer update is initiated by the adr^update signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line nosi- 
tion in the FIFO. 

When a Uu^o^ulse is received the pointers arc each initialized to the corresponding base address for that 
color icolorjjose^adr). For each word that is read from DRAM the pointer is incremented If Oie word is 
the last word in a line (last_yvd equals 1) and the last line in the fifo (fifo^end equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if <llu_go_pulse == I) then 

color_adr[ll:0] = color_base_adr[ll : 0] [21 : 5] 
elsif ( adr.update == 1) then 

if (re^sel == NULL > then 
//do nothing 

elsif (<fifo_end == 1)AND (last^vrd "1)) then 

color_adrCreq.seI] = color_base_adr (req_sel] (21 :SJ 

else 

color_adr(rea-selJ // nortoal increment 

// select the address pointer 
llu_diu_radr » co lor_adr( rea.se 1] 



31.5.6.5 Une pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each color. The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated {adrjupdate equal 1) and the word trans- 
ferred is the last word of a line (Jast^wd equal 1). The line pointer that needs to be updated is selected by 
the req_fiel bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding color Jfo^ize vo/i/e, otherwise the coimter is decremented. 

If the llu^o_pulse signal is high the counters are reset to its corresponding color Jifo^^ize value. When 
the counter is zero it sets the>|^_em/ bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if (llu_go_pulse == 1) then 

line_pt [11:01 = color_f if o^size ( 11 : 0] 
elsif { (adr_update 1) ANI> (last.wd «» 1)) then { 

if (line^pt (req^selj == 0) 

line_pt trea_sell « color_f ifo_size(re^sel3 

else 

1 ine_pt I req.sel 1 — 

> 

// select the correct line pointer for comparison 
fifo^end « (line_pt (linej>t) ~ 0) 

315.6.6 Write pointer 

The write pointer logic maintains the buffer write address pointers, detennines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer detennines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pendflJ.OJ bus), and which buffers are empty (the 
buf^emp signals). Only enabled buffers are considered as indicated by the color_enable bus. 
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BuflFers are grouped into odd and even buflFere. if an odd buffer requires DRAM access the odd_pend sin- 
nals will be active, if an even buffer requires DRAM access the even_pend signals wiU be active. If bofli 
odd and even buffer require DRAM access, the even buffers will get serviced first 
If any buffer requires a DRAM transfer, the logic wiU indicate to the interface controller via the req active 
fflgnal. with Ae odd even j,d signal determining which group of buffers get serviced. The interface con- 
toiler will check the color_enable signal and issue DRAM transfers for all enabled colors in a group 
When aie transfers are complete it tells the write pointer logic to update the request pending via 

The req_sel[3:0J signal teUs the address generator which buffer is being serviced, it is constructed from 
Ae odd_even sel signal and the color _cnt[2:0] bus from the inter&ce controUer. When data is being trans- 
ferred to DRAM the word pointer and write pointer for the corresponding buffer are updated. The reqjsel 
detommes which pouter should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for( i=0; i<12; { 

// determine if re<iuest is active, filtered by color enable 
if ( wr_adrIiH3:2I »= rc$_Adr (il t3 !2J ) 

pendii] « 1 
else 

pendCi] = 0 
// determine if any enabled buffer is entity 

if <<wr_adr til [3:01 »= rd_adr li J (3 sOJ ) and (color.enablef i / 2J =- 1)) then 
buf [ i ] = 1 

) 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6.8,10) 
odcUpemI » ( pendtlj | pend[3] | pend[5) | pend{73 | pend[9) f pendlllj ) 
eyenj>end = ( pendIO] | pend(2] | pendt4) | pend(6) | pend(81 | pendflO) ) 
// fixed aervxcxng order, only update when controller dictates so 
if (req^update l) then { 

if (evenjpend == 1) then // even always first 

odd_even^sel = 0 

req_active = 1 
elsif (oddJC>end =s 1 ) then // then check odd 

odd_even_ael * O 

req_active = 1 

// nothing active 

odd.even^sel = 0 
z'eq^active = 0 

> 

// selected requestor 

req_seir3:03 = {color.cntt2:0] ,odd^even^sel) // concatentatlon 

The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when Hu_goj^Ue is one. The word pointer (woni^tr) is common to all buflFers and is used to write 
64.bit words mto the DIU buffer, ft is incremented when buf_rd^en is active. If the word^tr is 3 and the 
tuf^m^en IS acuve the selected write pointer (wr^trfreq^elj) will be incremented. A concatenation of 
the wnte pomter and the word pointer are use to construct the buffer write address. The write pointeis are 
not reset at the end of each line. 

// determine which pointer to update 
if (buf_wr_en 1) then { 

wr_adr { re<i_sel ] 

wr_enCreq_sel) * I 

) 
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// determine which pointer to upciate 
if (llu_go_pulse == I) then 

wr_£>tr[ll :0] = 0 

wordjptr = 0 
elsif (buf_rd^en == 1) then { 

wordLptr+* 

if (word_ptr ==s 3 ) then 
wr_ptr (req_sel ) ♦+ 

) 

// create the address from the write pointer and word pointer 
wr_adrCreqL-sel3 = {wr^ptrfreq^sel ) .wordj>tr) // concatenation 



31.5.6.7 Word count 



The word count logic maintains 2 counters to track the number of words transferred from DRAM per line 
one counter for odd data, and one counter for even. On receipt of a Uu^o^lse, the counters are initial- 

J^A^l "^"^ ^"""^^ ^"""^ ^ * ^ords are transferred to 

DRAM as indicated by the word^dec signal from the interface controller, the cotrcsponding counter is 

blo'c'kC^er^ O^ddTir v^^CBXi^ by the odd^even^sel signal fix>m the v^te pointer 

When a counter is zero the last^wd signal for that group (i.e. odd or even) is set The last_wd signal indi- 
cates to tfie address generator that the next word transferred from DRAM for the corresponding color is the 
last word m die Ime. When the last word actuaUy gets transferred the interface controller will pulse the 
word_dec signal causmg the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if (llu_goj»ulse == 1) then 

word_cnt(OJ » color_line_inc // odd count 

word_cnttl) « color_line_inc // even count 
elsif (word_dec 1) then C // need to decrement one word counter 

if <word^cnt Coddle ven^sel) == 0) then // line finish counter 

word^cnt [od4_even_sel3 = color_line_inc 

else 

word^cnt Iodd_evei\_sel ] — 

> 

// select the correct the last„wd 
last_wd = <word^cnt(oddL.even_sel] »» 0) 

The word count logic also determines when a complete line has been read from DRAM, it then simzls the 

f ?T w ; 1 ^ ^""^ "^"^ /i>«e_rrf signal) that a complete line has been leii by the 

LLU {llu_dwu_line_rd). ' 

// lino finish logic 

if (llu_go_j>ulse == 1) then 

iine_fin « 0 

line_rd 0 

elsif ((last_.wd «= l> AND (line^fin =« 0) AND (word_dec 1 > ) then 
line_fxn - 1 // fi^st group last.wd finish pulse 

1 2.ne_rd =0 

elsif (dast.wd =- l> AND (line.fin i) and (word^dec 1 ) ) then 
line^fxn - 0 // second qtomp last^wd finish pulse 

line_rd = l 

else 

line_fin = line.fin // stay the ssme 

line_rd = 0 
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32 PrintHead Interface (PHI) 



32.1 Overview' 



The Printhead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhcad, 
using the printhead interface mechanism, the PHI generates the control and timing signals necessary to 
load and drive the bi-Uthic printhead. The CPU determines the line update rate to the printhead and adjusts 
the line sync frequency to produce the maximum print speed to account for the printhead IC's size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in; which dot data is loaded in the printhead. This is dependent on 
the construction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-lithic Printhead Reference document for a complete description of printhead types [10]. 

The printing process is a real-time process. Once the printing process has started, the next Printline's data 
must be transferred to tibc printhead before the next line sync pulse is received by the printhead Odierwise 
the printing process will terminate with a buffer underrun error. 

The PHI can be configured to drive a single printhead IC with or without synchronization to other 
SoPECs. For example the PHI could drive a single IC printhead (i,e. a printhead constucted with one IC 
only), or dual IC printhead with one SoPEC device driving each printhead IC. 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-litliic printhead to: 

• determine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of the PHI in cont^. 




BHithic Printhead 
Figure 233. High level data flow diagram of PHI in context 
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32.2 Printhead mooes of operation 



The pnnthcad has 4 difTerent modes of operations (although some modes are le-used). The mode of ooer- 
ation IS defined by &e state of the output pins phi_tsyncl ^dphi_readl. As both printhead ICs are dn\^n 
by the same signals both printhead ICs must be in the same mode of operation. The modes of operation are 
uenned tn J able I So. 



Table 158. Printhead modes of operation 



Mia 














1 


N/A 


Normal print mode, dot data is ctocked Into the print- 
head shift register, on each tailing edge of pN_srctk 


OCfTJLOAD/ 
FIREJNIT 


1 


0 




Dot Load Mode« data stored In the dot shift register is 
transferred into the dot latch on the falling edge of 
phijsyna, and latched In on the rising ledge of 
phljsynci 


phLsrcfks^ 


Rre road mode. Parameter for generating fire pattern 
are loaded into generator, data on phi_ph_data[1:0][0] 
Is docked into the generator on each rising edge of 
phLMk 


TEST_MODE 


0 


0 




Dot Load Mode, data stored in the dot shift register is 
transferred into the dot retf ster on the rising edge of 
phUsynd, identical to DOT^LOAD 




The printhead is In test mode, the temperature delta 
Sigma is ctocked out of the printhead on the rising of 
frdk through phi_phjcfata[1:OSl] 
The result of the nozzle test is ctocked out of the print- 
head through phi_pfijSata[1:0][0J 


FIRE.GEN 


0 


1 


N/A 


The nozzle test circuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the felling edge of phLsfdfc 

Data is output on phi _ph_(iata[1:0J[1:0} 

The initialised geneiator creates the fire pattern and 

shift select pattern, and the pattern is ckxked into the 

fire shift register and select shift register on the rising 

edgeof p/iLlhoffr 



32.3 Data rate equauzation 



The LLU can generate dot data at the rate of 12 bits per cycle, whei^ a cycle is at the system dock fre- 
quency. In order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every lOOjxs (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds lOOjisec) For a 7 3 con- 
structed prmthead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
input FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

Nominally the system clock (pclk) is run at 160Mhz and the printhead interface clock (phiclk) is at 
lOoMhz. 

If the PHI was to transfer data at the full printhead interface rate, the transfer of data to the shorter print- 
nead IC would be completed sooner than the longer printhead IC. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access reqidrcments over time 
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the PHI transfers dot data to the piinthead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Wtthout Rate equalization (7:3 head) 

phljsynd jj 
pftlj)h^data{0]ll :0] [ • . \ ' 

pM-J)h_data(1](1:0] 
phj_8rdk[0] 

phu8rdk[1] 



100 usee 



1 



i 



1 



With Rate equalization (7:3 head) 
piti_l8ynd ^ I 



phlj)h_data[0][1:0]- 
phl_ph_data[ini:0] 
phLsrdkCOl' 

phLsrdkni' 



I 



m 



n 



Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeadRate[l:0] registers (one per printhead IC). 
The register is a 16 bit bitmap of active clock cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxFFFF then the outpxrt rate to the printhead will be fiill rate, if it*s set to OxFOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
100% with a granularity of 1/1 6 steps. 



Tabre 159. Exannple rate equalization values for common printheads 







6:2 


OxFFFF (100%) 


0x1 III (25%) 


7:3 


OxFFFF (100%) 


0x5551 (43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2(68.7%) 


5:5 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same size (c;g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead Idls, to reduce the read bandwidth from the DRAM. 
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32.4 Dot generate and transmit order 

Several printhead types and arrangements exists (see Section 35 Memjet Printhead) . The PHI is capable of 
driving all possible configurations, but for the purposes of sin^)licity only one arrangement (arrangement 0 
- see Section 35 Memjet Printhead) is described in the following examples. 



Dot Transmit 
Order ~ 



QhO-O-0- 



■ O O O 



tn-6 ny-4 ro-' 



o o Q-o: 



o o o 



B-S B-S n-l 



Type 0 printhead IC 




O O O ' 



■ Q O O O 



O O O - 



n+l nr^) iiit'5 



0-6 n-2 



■o o o p 



n-5 ».3 n.1 



Type 1 printhead IC 
Paper 



I' 



5 Unes 



Paper 
Direction 



M - Midway point in dots 
N Number of dots in a line 



Note: Paper passing under prfnthead 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd. The PHI constructs the dot transmit 
order streams from the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration the odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the piinthead in the direction of the 
arrow, so from the diagram (taking the type 0 printhead IC) even dot data is transfeired in increasing order 
to the mid point first (0, 2, 4, m-6, m-4, m-2). then odd dot data in decreasing order is transferred (m-1, 
m-S, — . 5, 3, 1). For the type 1 printhead IC the order is reversed,' with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order. Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 1 60 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13824 dots) page 





5^1=3 






Type 0 Printhead IC 


8 


11160 


0A4,e ^74.6576,5578 


5579,5577,5575 .7.5,3.1 


7 


9744 


0^.4.8 4866,4868,4870 


4871 ,4869,4867 7.5.3. 1 


6 


8328 


0.2.4.8 4158,4160.4162 


4163,4161,4159......7.5,3,1 


5 


6912 


0,2,4,8. .3450,3452,3454 


3455,3453.3451 7.5,3.1 


4 


5496 


0.2.4.8 ^742.2744,2746 


2847.2845,2843 7,5.3.1 


3 


4080 


0.2.4.8 ,2034,2036,2038 


2039.2037.2035 7.5,3.1 
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Si 



Table 1 60. Example prfnthead iCs, and dot data transmit Older for A4 (13824 dots) page 



2 


1 2664 


1 0,2.4.8 1326,1328,1330 


1331.1329.1327.... 


.7,53.1 


TVpol 


Printhead 


IC 


8 


11160 


13823,13821.13819. 


.1337.1335.1333 


1332,1334,1336.... 


..13818.13820.13822 


7 


9744 


13823,13821.13819 . 


2045.2043.2041 


2040.2042.2044.... 


..13818,13820.13822 


6 


8328 


13823.13821,13819. 


2853,2851,2849 


2848.2850.2852.... 


..13818.13820.13822 


5 


6912 


13623.13821.13819. 




3456.3458.3460.... 


..13818,13820,13822 


4 


5496 


13823.13821.13819 . 


4169.4167,4165 


4164.4166,4168.^. 


..13816.13820,13822 


3 


4080 


13823.13821.13819. 


4877,4875,4873 


4872.4874.4876.... 


..13818,13820.13822 


2 


2664 


13823.13821.13819. 


5585.5563.5581 


5560,5582.5584 


..13818,13820.13822 



32.4.1 Dual Printhead IC 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 



6912 dock cydes 

Mid 

Point 



— H 



Transmit dot order(to the printhead) 

Printhead Channel A mmmim^^^^r^mml^mmm^mmmmm^^^^ 

Printhead Channel B U^^^^fSM ^^pMni^] 

►-4- 



4fl 7 2dodccyd 5r 



Even dots from Line Y 
Odd dots ftom Une Y-5 



9744 dock cycles 



Example: Une with 13824 dots, with 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type 1 printhead, and the even dot generator feeds the type 0 printhead. This continues 
until both printfaeads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (JPrintHeadSize). Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head» so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other. In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted. 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 

I 32.4.2 Single printhead tC 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
I transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 

head IC connected to channel A, either channel could be used. The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
I with the printhead size {PrintHeadSize[l] register) for channel B set to zero and channel A is set to 9744, 

Generate dot order (from the LLU) 



Odd Dot stream 



Even Dot stream 













h 






4872 dodc cydas ^ 



Transmit dot order(to the printhead) 



Printhead Channel A 



Mid 
Point 



Printhead Channel B 



4S72 ctock cyctes 



AST2. Clock cydAS 



9744 dock cydes ^ 

Even dots from Line Y 

Odd dots from Une Y-5 Example: Une with 9744 dots, with 7:0 printhead 

Figure 238. Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead. 



32.4.3 Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 
« Be able to output the even or odd plane first 

• Be able to output even and odd planes independently 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 504 



SoPEC : Hardware Design 



32.5 Print SEQUENCE 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized. The exact initialization sequence is con- 
figuration dependent, but will involve the fire pattern generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to Ac printhead, the PHI will interrupt the CPU by asserting 
the phi_icu^nnt_rdy signal The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or the ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMastcr SoPEC is satisfied that printing should start, it triggers the LincSync- 
MastCT SoPEC by writing to the PrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the LineSyncMastcr SoPEC will trigger the start oflsyncl pulse generation. The PrintMastcr 
and LineSyncMaster SoPEC are not necessarily the same device, but often are the same. For a more in 
depth definition see section 12.3 Multi-SoPEC systems on page 104, 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster which is in turn used to align all SoPECs in a multi-SoPEC system. All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means that the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer under- 
run intem^>t, and halts the block. 

For each line in a page the PHI must transfer a ftall line of data to the printhead before the next line sync is 
generated or received. 

32.5.1 Sync pulse control 

If the PHI is configured as the LineSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number of phiclk cycles after PrintStart register rising transition is detected. All other signals in the PHI 
interface are referenced from the falling edge ofphijlsyncl signal. 

If the SoPEC is in line sync slave mode it will receive a line sync pulse fix>m the LineSyncMaster SoPEC 
through ihephijsyncl pin which will be programmed into input mode. The phijsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncD€glitchCnt\ 

Thcphijsyncl will remain low for LsyncLovf cycles, and then high foxLsyncHigh cycles. The phijsyncl 
profile is repeated until the page is complete. The period of the phijsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note that the LsyncPre value is only used to vary the time between the generation of the first 
phijsyncl and the PageStart indication from the CPU. See Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phijsyncl period Any phijsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer undmim error. 

32.5.2 Shift register signal control 

Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified from the falling edge of the line sync. 
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The phi^^rclk (and consequently phi^h^data) is controlled by the SrclkPre, SrclkPost registers. The 
SrclkPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phi_srclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new pkijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer undemm interrupt {phijcu_underruny 



32.5.3 Firing sequence signal control 



PinjntSia/tEdga 



The profile of the phijrclk pulses per line is determined by 4 registers FrclkPre, FrclkLow, FrclkHigh, 
FrclkNum, The FrclkPre register specifies the number of cycles between line sync falling edge and the 
phijrclk pulse high. It remains hi|^ for FrclkHigh cycles and then low for FrclkLow cycles. The number 
of pulses generated per line is detennined by FrclkNum register. 

Tb&phi^rofile pin is specified in a similar manner by the ProJUePre^ ProfileLow^ ProfileHigh^ ProfiieNum 
registers. 

The phijrclk period and the phi_profile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal ^e ProJUeHigh ProJUeLow^ and the nimiber of cycles for each in a line time should also be 
equal t.e. FrclkNum = ProfiieNum, 

The total number of cycles required to complete a firing sequence should be less than the phi_fsyncl period 
i.e. iiProfileHigh + ProfileLow) * ProfiieNum)^ ProfilePre < {LsyncLow + LsyncHigh). 
^ LsyncPre 

r i 



LsyncPeriod 



ptu^lsynd 



LsyncHtflh 



1_ 



ptiLph_data 



phi.frclk 



phLprofile. 



.SrtikPre 
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I \ \ \ 



Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 

The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijcu^agejinish signal. A pulse on the phijcu_pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page tenninate abnonnally, i.e. a buffer 
underrun, the Go register will be reset and an interrupt generated. 

32.5.5 Line sync interrupt 

The PHI will generate an intermpt to the CPU after a predefined number of line syncs have occured. The 
number of line syncs to count is configured by the LineSyncIntemtpt register. The intermpt can be dis- 
abled by setting the register to zero. 

32.6 Dot line margin 

The PHI block allows the generation of margins either side of the received page from the LLU blocks This 
allows the page width used within PEP blocks to differ from the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line maigin length. There are two margins specified 
' for any sheet, a margin per pnnthead IC side. 

The margin value is set by programming the DotMargin register per printhead IC. It should be noted diat 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is 1 inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports maigin creation cases 1 and 3 described 
below. 
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See example in Figure 240. 
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Figure 240. Printhead timing with margining 



In the example the margin for the type 0 printhead IC is set at 100 dots {DotMafpn^lOO), implying an 
actual margin of 200 dots. 

If case one is used the PHI takes a total of 9744 phi^srclk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 100 and last 1 00 dots would be zero but arc processed though the SoPEC system consuming mem- 
ory and DRAM bandwidth at each step. 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gining. The phi^srclk still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senario is not sup- 
ported by the PHI because the same effect can be supported by means of case I and case 3. 

If case 3 is used the benefits of case 2 are achieved, but the phi^srclk no longer needs to toggle the full 
9744 clock cycles. The phi^rclk cycles count can be reduced by the margin amount (in this case 9744- 
100=9644 dots), and due to the reduction inphCsrclk cycles the phijsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed. Case 3 works by shifting the 
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odd (or even) dots of a margin from line Y to become the even (or odd) dots of the margin Y-4, (Y-5 
adjusted due to being printed one line later). This works for aU lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document. See section 32.8.3 on page 512. 

32.7 Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount). If a 
dot is used in particular color plane the corresponding counter is incremented Each counter is 32 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount [N] values to 
be transferred to the DotCount[NJ registers (where N is 5 to 0. one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCountlN] registers can be wriuen to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through thcr PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32.8 CPU lO CONTROL 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Determine printhead temperature 

• Test for and determine dead no2zles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printhead bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on tiie printhead pins and the status of the print- 
head input pins can be read directly from the PhntHeadCpuIn. The direction of pins is controlled by 
progranmiing PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161. CPU control and status registers mapping to printhead Interface 







PrintHeadCpuOut 




phi_ph.data_olOI[lK)J 


3:2 


Phi^h.data_o(1I[1 :0] 


4 


phLteynd_o 


5 


phLreadf 


7« 


phLsrdkfIrO] 


8 


phLfrdk 


9 


phi^profile 
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Table 161. CPU control and status regtsters mapping to printhead Interface 









PrintHeadCpuDIr 


1:0 


phjj)h_(fata.e(0](l.-O] direction cx)ntro). 
1 - ou^ut mode 
0- input nx>de 




3:2 


phl_ph_data^e(llli lO] direction control 
1 • output rr\o6e 
0 - input mode 




4 


phl_lsyncl.e direction control 
1 • output mode 
0 • input mode 


PrintHeadOpuIn 


1:0 


phij)h_data-,l[0][1:0j 




3:2 


phl_4)h.dataJ[1II1:01 




4 


phi_lsynclj 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead correctly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the foUowing procedures are based on current printhead capabilities, and are subject to change. 

32.8.1 Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and determining which nozzles arc dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32.8. t.f Nozzie test procedure 

The nozzle test software must first initialize the fire pattern generator for each printhead IC as normal, then 
it must initialize the fire pattern register as normal. The fire pattern generator parameters must be chosen 
so as to create a fire pattern where only one nozde is firing at a time. 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and the right 3 inches. The fire pattern length is equal to the number of dots in a half line (NLEN=n- 
1 .where n - 9744 / 2 = 4872), the COUNT=l and B=0, The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT»l, 8=0. See Section 32.8.4 for exact details on how to program the 
fire pattern generator. 

Once the generator is setup the nozzle test software puts the printhead into FIRE_GEN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattern. Any test pattern could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registets are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE_GEN mode which resets the test circuit, both phi^srclk and phijrclk are held 
inactive. After a pre-determined time the printhead is put in TEST_MODE where the nozzle is tested. 

The test software toggles phi^rofile output pin and then samples the test result on the phi^h_data pin. 
The test software then generates one phijrclk pulse to advance the fire pattern and repeats the profile 
pulse and test result captive as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use fay 
the DNC. 



^ RRE INrr ^ ^ FIRE GEN ^ ^ 
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phi_tsynd_ 
phi.readi 
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phLfrc fc li 



^ ^R6 GEN ^ fEST MOD^ ^HE-GEW ^ ^EST_M0g6 



1 



Jl_. 



pW_ph_data(OL 



Rreinitdata 



32.8.2 Temperature capture 



Test pattern Data 



Nozzle test result 



^est 



Repeated Nozzle times 



Figure 241. Nozzle Test Modes & Setup 



Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on the result. 

To capture the piinthead temperature, the printhead must be put into T£ST_MODE, and the 
phij>hjdataj pin input mode. The CPU will toggle the phijrclk and then sample the phi _jfh_data_i to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead temperature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. hf) and the temperature value generation mechanism is currently 
undefined* 
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Figure 242. Temperature Capture Waveform 



Doc: SoPEC_hardware_design S3 Proprietary Document Nov 2002 

Version: 2.3 Page 511 




SoPEC : Hardware Design 



32.8.3 Printhead initrafization procedure 

In order to use the printhead for the first time the CPU must download parameters for controlling the fire 
pattern generator. The download is performed by entering the FIRE_£NIT mode and data is transferred 
through thephi^h_datafI:OJfOJ pixis (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge otphijrclh In total 29 clock cycles are required to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 









NLEN 


14 


Rre pattern length. Values defines the length of the fire pat- 
tern. NLEN=N-1 where N is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cycles required to 
generate the Rre Pattern. Is given by COUNT= (La/2) Mod 
N -1 where (S the dot length of longer printhead or 
COUNT = (La • tfe -((Lo i2) mod N)) Mod N -1 for the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FIRE_GEN mode and the phijrclk is toggled 
times, where is the length of the longer printhead in dots. As phi,^lk is a common signal for both 
printheads it means that if the printhead ICs are of different length one printhead IC will get clocked too 
Diany times by phijrclk. The fire pattern generator internal in each prindiead IC takes account of diis. See 
Section 32.8.4 Fire pattern generator. 

If dot line margimng is to be used the dot data registers in the marginiiig region in the printhead IC need to 
be initialized to zero before any line is printed. See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NORMAL_MODE and fills the dot data shift register 
with zeros. This is performed by clocking the phijsrclk to each printhead dot margin times for the each 
printheiad IC. Asphijsrclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 

32.8.4 Fire pattern generator 

The fire pattern generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire pattern generator must be initialized by the SoPEC device before a page can be 
printed. The SoPEC uses the CPU direct lO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32.9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Printhead Interface I/O definition 











Clocks and Resets 


pdk 




m 


System Clock 


phidk 




In 


Printhead intertace dock (ck)clk/3) used to transfer data from pdk to 
dodk domains 


docik 




In 


Data out dock (2x pcOii used to transfer data to printhead 


prst_n 




In 


System reset, synchronous active low. Synchronous to pdk 


phlr8t_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst_n 




In 


System reset, synchronous activB ksw. Synchronous to dodk 


General 


phLicu _print_rdy 




Out 


indicates that the first line of data Is transfiBrred to the printhead 
Active high. 


phJ_icu_j>age_finJsh 




Out 


Indicates that data for a complete page has transferred. Active high 


phLicu junderrun 




Out 


Indicates the PHI has detected a buffer underrun. Active high 


phLlcuJinesync.fnt 




Out 


Indicates the PHI has detected UneSynclntorrupt number of line 
syncs. 


Debug 


debua_data.out[2.0] 


3 


In 


Output detMjg data to be rmjxed on to the PHI pins 


debug_cntrf|2.'0} 


3 


In 


Control signal for each PHI bound debug data nne indk^ating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


Uu^hLdala(1:0](5:0l 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a cotor plane 5 downto 0. 
Bus 0 • Even dot data stream 
Bus 1 ' Odd dot data stream 

Data is active when corresponding bit is active in flu _phi_avaU bus 


phUlu.ready[1:0] 


2 


In 


indicates that PHt is ready to accept data from the IJ.U 

0 - Even dot data stream 

1 - Odd dot data stream 


«u_phLavaill1:0] 


2 


Out 


Indicates valid data present on corresponding //tcprtLrfaCa. 

0 - Even dot data stream 

1 • Odd dot data stream 


Printhead Interface 


phi_ph_data^lI1:0][1 .-0] 


2x2 


In 


Dot data input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


ph{_ph_data_o(1 :0][1 :0] 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi j)h.data_el1 :0][1 :01 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phLsrdkfliOJ 


2 


Out 


Dot data shift dock used to dock in printhead data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 
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Table 163. Printhead Interface I/O definition 







phLreadI 


1 


Out 


Comnnon printhead mode control. Used in conjunction with 
phUsyndXo determine the printhead mode 
0 ' SoPEC receiving, printhead driving 
1 - SoPEC driving, printhead receiving 


phLfrdk 


1 


Out 


Common Rre pattern clock needs to toggle once per fire cyde 


pW_pfofile 


1 


Out 


Common pulse proftJe for all colors 


phjjsynd_p 


1 


Out 


Capture dot data for next print line, output mode 


phijsynd.e 


1 


In 


phLfsyncf output enable, when high pN_l$yncl pin is driving 


phijsyndj 


1 


In 


Une Sync Pulse from Master SoPEC 


PCU Interface 


pcu^hLsel 


1 


In 

1 


Block select from the PCU. When pcu__phLsells high both pcu^adr 
and pcu_dataouteire valid. 


pcu_rwn 


1 


In 


Common read/not-write signal fr^om the PCU. 


pcu.adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout[3l:0] 


32 


In 


Shared write data bus from the PCU. 


phLpcu_rdy 


1 


Out 1 


Ready signal to the PCU. When pft/LpcLL/oy is high it indicates the 
last cyde of the access. For a write cyde this means pcu^dataout 
has been registered by the block and for a read cyde this means 
the data on phi_pcu_data is valid. 


phi_pcu_data(31:0j 


32 


Out ■ 


Read data bus to the PCU. 
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32.9,2 PHI sub-block partition 



Line Loader Unit (LLU) 



<tstxjajcntit- 




J pdk domain (160 Mhz) 



I dodk domain <320 Mhz) i i phlcik domain (106 Mhz) 
Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The coofiguration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the PHI. 
Note that since addresses in SqPEC are byte aligned and the PCU only supports 32-bit register reads and 
writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the PHI. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
ofphi^cu^data. Table 164 lists the configiuation registers in the PHI 



Table 164. PHI registers description 











Control Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wfO cause a PHJ l>lock reset 


0x04 


Go 


1 


0x0 


Active high bit Indicating the PHI is programmed 
and ready to use. A low to high trEuisrtton wUI cause 
PHI bfock Internal state to reset. Will be automatic 
cally reset if a page finish or a buffer undenrun is 

detected. 


General Control 


0x08 


PageLenUne 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


OxOc 


PrfntStart 


1 


0x0 


A low to high transition triggers printing to start 
Only active tn Master Mode 


0x10-0x14 


DotMargin 


2x16 


0x0000 


Specifies for each printhead IC, the width of the 
margin In dots divided by 2. 

0 - Printhead IC Channel A 

1 • Printhead IC Channel B 


0x18-0x20 


DotCount[5:0} 


6x32 


0x0000 
_0000 


Indicates the number of Dots used for a particular 
ootorp where N specifies a color from 0 to 5. Value 
valid after a write access to DotCotmtSnap 


0x30 


DotCountSnap 


1 


0x0 


Wrfte access causes the AccumDotCount values to 
t>e transferred to the Oo/C&unr registers. The 
AccumDotCount are reset afterwards. 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead 
channels A and B 

0 - Normal, specifies bit 0 is channel A, bit 1 1s 
channel B 

1 - Swapped, specifies bit 0 is channel B. bit 1 is 
cfiannel A. 


0x38 


PhiMode 


1 


0x0 


Indicates whether the PHIls operetling in master or 
slave mode 

0 - Stave Mode 

1 - Master Mode 


0x30-0x40 


PhiSeriaJOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 - Printhead Channel A 

Bus 1 • Printhead Channel B 

A 0 indicates order ABC, whDe 1 indicates CBA 
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Table 164. PHI registers description 





m 




mm^mmm 


0x44-0x48 


PrintMeadSi2e 


2x16 


OxOOOO 


specifies the number of non*margin dots in the 

printhead ICs. If margining Is to be used then the 

configured PrintHeadSize should be adjusted by the 

dot margin value i.e, PrintHeadSizo « {Phystoal- 

PrintHeadSize - {DotMargin * 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 


CPU Dtrect PHI Control (See Table 1 61 .) 


Ox4C 


PrlntHeactCpuIn 


5 


0x00 


PHI Interface pins input status. Only active In direct 
CPU mode 


OxSO 


PrintHeadCpuDir 


5 


0x00 


PHI Interface pins direction control. Only active in 
direct CPU mode 


0x54 


PrintHeadCpuOut 


10 


0x000 


PHI interface pins output control. Only active In 
cfirect CPU mode 


0X58 


PrintHeadCpuCtrl • 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control mode 


Line Sync Control 


OxSC 


LsyncLow 


16 


0x0000 


Number of ptfi/offir cycles phLisynd should remain 
low, ■ 


0x60 


LsyncHigh 


16 


0x0000 


Number of p/)/cWrcydes p/^L^ync/ should remain 
high. 


0x64 


CsyncPre 


16 


0x0000 


Number of pnrc/;( cycles between PontStarr rising 
transition and the generated p/r/./syncf falling ed9e 


0x68 


LsyncMinPerlod 


24 


0x00.0 
000 


Minimum number of phidkcydies between Lsync 
pulses. Lsync pulses of a shorter period will be 
rejected. Only used In stave mode. 


0x60 


LsyncOeglitchCnt 


4 


0x3 


Number of phidk cycles to filter the inoonrung Ls^)c 
pulse from the master. Only used in slave mode. 


0x70 


UneSyndnterrupt 


16 


0x0000 


Number of line syncs to occur before generating an 
Interrupt. When set to zero interrupt Is disabled. 


Shm Register Control 


0x74 


SfdkPre 


14 


0x0000 


Number of p/i/cffc cycles between p/jLte>77c/ falling 
edge and phLsrdk pulse generation, or printhead 
data transfer 


0x78 


SrdkPost 


14 


0x0000 


Number of phicfk cycles allowed margin from last 
snc^ pulse in a line to t>efore next line sync 


0x7C-0x80 


PrintHeadRate(1.0] 


2x16 


OxFFFF 


Specifies the active to Inactive ratio of phLstdk for 
the prin^ead iCs. A 1 1ndicates Acth/e. 
Bus 0 - Printhead IC channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 


Specifies the dot transmit order to the printhead 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots 

1 - Odd before Even dots 


Fire Control 


0x68 


ProfiiePre 


14 


0x0000 


Number of pMctkcydes phfjsyncf fading edge and 
phi^profite pulse generation 
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Table 164. PHJ registers description 





Ox8C 


PfofileLow 


14 


0x0000 


Number of phicfk cycles phLprodte should remain 
low. 


0x90 


PiofileHigh 


14 


0x0000 


Number of phicfk cycles phiprodta should remain 
high. 


0x94 


ProfiJeNum 


16 


0x0000 


Number of profile pulses per Dne time. 


0x96 


FfdkPre 


14 


0x0000 


Number of phidk cydies phi^tsyndlaWlnQ edge and 
phLirdk pulse generation 


Ox9C 


FrcOcLow 


14 


0x0000 


Number of phidkcycHes phLfrcfk should remain 
low. 


OxAO 


FrdkHigh 


14 


0x0000 ' 


Number of phidkcydies phLMk should remain 
high. 


0xA4 


FrdkNum 


16 


0x0000 


Number of phijfrdk pulses per line time. 


Wbrking Reg 


Isteni 


0xA8-0xAC 


UneDotCnt 


2x16 


0x0000 


Indicates the number of dot processed In the cur- 
rent Itne 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


UneCnt 


32 


0x0000 
_0000 


indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers m the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by dififerent and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 

Some registers can be written to at any time such as the direct CPU control registers {PrintHeadCpuIn^ 
PrintHeadCpuDir^ PnntHeadCpuOut and PrintHeadCpuCtrl), the Go r^ter and the PrintStart register. 
All registers can be read from at ai^ time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpu_io^wr) which is used to transfer the pin control signals from the pclk domain to the phiclk 
domain. The cpujo^wr signal is a delayed version of tiie write enable from the CPU. 



32.9.4 Dot counter 

The dot counter keeps a running count of the number of dots fired for each color plane. The counters are 
32 bits wide and will saturate. When the CPU wants to read the dot count for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 nmning counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values are reset * 

// ireset: if being 'snapped 
if (dot_cnt:_6nap == 1) then{ 

dot^count t5:0) « acc\mudot_count (5 :0J 

accunudot_counttS:0] = 0 

> 

// update the counts 

for {color=0; color < 6;color+4-) { 

if (accuia_dot_count [colorj != Oxfffe_ffff} { 
// data valid, first dot stream 

data.valid =s ( {phi_llu_ ready [0] == 1) and (llu_phi_avail ( 0] -= 1) ) 
if ((data_valid 1) AND (llu_phi_data(0) (color] == 1)) chen 
accuiiv_dot_count{ color) ++ 
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// data valid, second dot stream 

data^valid = ( (phi_llu_ready [IJ »» 1) AND <llu_phi_avail [1] == 
if <<data_valid X) AND (llu_phi_data(XJ tcolor] == 1)) then 
acciUL.dot_countC color] •*■+ 

> 



1)> 



32.9.5 Sync generator 



The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the IsyncLo output based on configured values and control triggers 
from the PHI controller. In slave mode it de-glitches the incoming IsynclJ signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



RflBBtORaHi BP Bulaeg 



Reset V— — — 



Machina remains in same stata by default 
All outputs are zero unless ottierwtse stated 
State Oescriptionr 



(5 



BVflC «>n«=t ANP 

count w ttyncjVB 



8vnc cn— Q 



counts Ahrt> last 9rmm 

count - isync^low 



11 



SyncPre isyndjo. i 



gn~i AND 



^SyncWail^ 



count l»Q 
count- 



tevne ftutae— t 



Sff^ ^^^ ^ SyncLow ^ byncLo-o ^^ ^yncPeriod^ 



Reset 
, SyrKPre: 
SyncLow: 

SyncHigh: 

SyndWblt: 
SyncPsriod: 



Normal reset state 

Count the LsyncPre number of dock cycles 

Count the LsyncLow number of c:kick 
cydes 

Count the LsyncMigh number of dock 
cydes 

W^it for an Input Isync pulse 

Count the LsyncMlnperiod numt>ar of dock 
cydes 



count m lsyTW_fiioh 



COUptfaQ 

count - 



eotinC " l9ync_jntn_p0riod 



tevnc nmaft — ,l AND pountiatt 



syne_err«l 



lsyncLo-1 



To Reset ScalQ 



Figure 244. Sync generator state diagram 



After reset or a pulse on phi_go_pulse the machine returns to the Reset state, regardless of what state it*s 
currently in. 

The state machine waits until it's enabled {sync^en=^\) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or SyncWait depending on whether the state machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and filters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented. When the count is zero the machine proceeds to the SyncLow state pulsing the 
line^t signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the Une start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigh number of cycles. While in LsyncLoYf state the lsynclj> output is set to 
0 and in SyncHigh the IsyncljD output is set to 1 . 

When the count is zero and the current line is not the last (lastjine = 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the line signal to the PHI 
controlier. 

The loop is repeated until the current line is the last (lastjine =1), and the machine returns to the Reset 
state to wait for the next page start 

In slave mode the state machine proceeds to the SyncWiait state when enabled It waits in this state until a 
Isync^ulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPeriod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to die SyncPeriod state the line^t signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod state if a Isync^lse is detected the 
state machine will signal a sync ciror (via sync_err) to the PHI controller and cause a buffer undemin 
interrupt. 



32.9,5.1 Lsynci input de^litch 



The isync_i input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable stales occurring before being passed to the de-glitch logic* 

The input de-glitch logic rejects input states of duration less than the configured number of clock cycles 
{lsync^deglitch_cnt), input states of greater duration are reflected on the output, and are negative edge 
detected to produce the Isync^lse signal to the main generator slate machine. The counter logic is given 

if ( lsync_i != lsync_i_delay) then 

cnt = lsync_deglitch_cn,t 

output.en s 0 
elsif (cnt ■> 0 ) then 

cnt = cnt 

output_en = 1 
el Be 

cnt — 

outx>ut_en = 0 



Isync J . 



synchonfzef 



IsyncJLttelay 



Counter 
Logic 



(sync_<jegfitch_cnt . 



cnt 



Compare 

— z — 



Pulse 
Generator 



output en 



IsyncLpulse 



Figure 245. Line sync de-glltch RTL diagram 



32. 9. 5. 2 Line Sync interrupt logic 

The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The nimiber of line syncs it 
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counts before an intemipt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
// implement the interrupt counter 
if <phi_jgo_pulse e=t) then 

line_count = 0 
elsif (line^st == 1) AND (line_count == 0)) then 

line_count » linecount_int 
elsif ((line_st 1) AND (line^count !* 0)> then 

line_count — 
// deterrnine when to pulse the interrupt 
if {linesync_int o ) then // interrupt disabled 

phi_icu_linesy7ic^int = 0; 
elsif ((line_st == i) AND (line_count == 1)) then 

phi.icu_linesync_iiit = 1 

32.9.6 Fire generator 

The fire generator block creates the signal profile for thepA/Jh;i*and phi^wfile signals to the printhcad. 
The profile is based on configured values and is timed in relation to the fire pulse from the PHI con- 
troller block. 



Machine remains {n same state tyy default 
Alt outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

RrePre: Count the RdkPre number of dock cycles, 
repeat count set to RrdkNum 

BreHIgh: Count the FrdkHIgh number of dock cydes 

FireLow: Count the RrdkLow number of dock cydes 



Figure 246. Fire generator state diagram 

The fire generator consists of 2 identical state machines for creating the phijrclk and phi^rvfile signals 
respectively. 

The machine is reset to the Reset state when phi_£ojfulse —1 or the reset is active, regardless of the cur- 
rent state. 

The machine waits in the reset state until it receives a fire^st pulse from the PHI controller. The controller 
will generate a finest pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrclkPre value and the repeat coimter is loaded with the FrclkNum value. 



»^ Reset ^ 



pN_firGfkaO 
fimjrdyl 



pN_ridk»o 



eountf-O 
count 



^ RrehOgh ^ 



CQtirrt«oQ 
count « ffcA(Jiigh 
repeat_c(xjiit ■ beiH_pum 



pfiLbcBc-l 



count * tt^lBt^jOM 



phi_rma(-o 



Biunt°-QAND 
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The state machine waits in the FtrePre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the RreLow state Mrhilc the cycle counter is decremented. 
When the cycle counter reaches zero and the repeat jcount is non-zero, the repeat_count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat the pA/J^/^ generation cycle. The loop is repeated until the repeat^caunt is zero. In such cases the 
state machine goes to the reset state and waits for the next fire_st pulse. 

When in the Reset state th^ fire^rdy signal is active to indicate to the controller that the fire generator is 



The Pm controller is responsible for controlling all (unctions of the PHI block on a line by line basis. It 
controls and synchronizes the sync generator, the fire generator, and datapath unit, as well as signalling 



ready. 



32.9.7 PHI controller 
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back to the CPU the PHI status. It also contains a line counter to detennine when a full page has completed 
printing. 

Rflsat OR nhl qq oulaa«i1 

Reset 



c 



fteta 8t« 1 



FirstLine 



> 



epaoejBfuOno 



fine sr^l ANQ 



fata 

ne.oount— 



^PrintstarT^ princr^<-i 



Q^QtjStBlliJSli 



data ffn 1 ANP 

nne count < oa^e Ian Itnn 
BnejDOunt- 



SyiKWait ^ 



fire.st B 1 
sync^st a 1 



UneTrans 



data fin— 1 ANP 
Ijfw count 

Hn©_count~ 



data Bnlo^ 



syncjanal 



»^ Undenun ^ underrutv^enror -I 



fiffl fdy caii 



>^^lastUne ^ 



last_nne b1 



Figure 247. PHI controller state machine 

The PHI controller state machine is reset to Reset state by a reset or phi_go _pidse = 1 . 

It will remain in reset until the block is enabled hy phi^o = 1. Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhead {data^st 1) and the line 
counter wiU be initialized to the page length {PageUnLine). Once the Une is transfeixed (data Jin from the 
datapath unit) the machine will go to Printstan state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phijcujyrint^rdyy The line counter wiU also be decremented. It wiU then wait in 
the Printstan state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register 

The state machine proceeds to the SyncWait state and waits for a line start condition (line jst =1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controller via the line_st signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start (fire_st\ the datapath unit to start (data^st) 
and the sync generator to start (sync^st). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (line Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented. If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the printhead. Once complete {fire Jin =1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu ^age Jinish interrupt to sig- 
nal to the CPU that the page has completed, the phijcu^age Jinish will also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datapath unit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an underrun error is gener* 
ated. The state machine goes to the Underrun state and generates a phijcu^underrun interrupt to the 
CPU. The PHI cannot recover liom a buffer underrun error, the CPU must reset the PEP blocks and re- 
start printing. The phijcujunderrun will also cause the Go register to reset automatically. 



The CPU 10 control block is responsible for accepting CPU direct lO control signals from the configura- 
tion registers (at pclk frequency) and transferring them to phiclk firequency. It also accepts the input signals 
from the printhead and re-synchronizes them to the pclk domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mapping of configuration registers to printhead lO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i,e. PrintHeadCpuCtrl — 0) 
the printhead data pins are always in output mode (phi _ph_data^e == 1), the phijsynci will be in output if 
the SoPEC is the master, i.e. phijlsyncl^e = phi^mode^ and readl will be set high. 

The pseudocode for die CPU lO control is: 

i£ (prlnthea<jL.cpu_ctrl «« 1) Chen // CPU access enabled 



// outputs 






phi_ph_data_oCO] {1:0) 


8 


printhead.cpVL-OUt [1:0] 


phi_ph_data_o (11(1:01 


S 


printhead^cpu^out (3:2] 


phi_lsyncl_o 




pr inthead_cpu_out { 4 ] 


phi^readl 




pr inthead_cpu^out ( 5 ] 


phi_erclk(liO] 


m 


print head_cpu__out (7:6] 


phi^frclk 


s 


.printhead_cpu_out ( 8 ] 


phi_prof ile 




printhead_cpu__out (9) 


// direction control 






Phi_ph_data_e[0] (1:0] 




printheed_cpu_dir (1 : 0] 


phi_ph_data_e[l) (1:0) 




printheadL.cp^_dir (3:2) 


phi_layncl_e 


s 


printhead_cpu_dir [4 } 


// input assignments 






pr inthead_cpu_in [1:0] 




synchroni ze < plii_ph_data_i (0) [1:0]) 


printhead_cpu_in (3:2) 




synchronize <phi_ph_data_i ( 1 ] [1:0]) 


printhead_cpu_in (5J 


s 


synchronize (phi_lsyncl_i(0] (1:0)) 


else // normal connections 


// outputs 






phi_ph_data_o ( 0 J ( 1 : 0 ] 


s 


ph_data(0) (1:0) 


phi_ph_data_o [11(1:0] 


£! 


ph_data[l] (1:0) 


p Jii _ 1 s ync l^o 




lsync_o 


phi_readl 




1 


phi_srclk(l:0] 




srclkdzO] 


phi_£rclk 


n 


frclk 


phi^profile 




profile 


// direction control 







32.9.8 



CPU lO control 
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phi_ph_data_eCOJ [1:0] = 0x3 
phi_ph_data_eCl] [1:0] = 0x3 

phi_lsyncl_e = phi^rode // depends on Master or Slave mode 

// inputs 

Isyncl^i b phi_lsync_i // connected regardless 

// debug overrides any other connections 
if <debug.cntrl[0] 1) then 

phi_frclk » debug.data_out[0] 

phi^readl s pclk 

if (debug.cntrld) == 1) then 

phi^rofile = debug_data_out C 1 1 

if (debug_cntrl[2] == 1) then 

phi_lfiyncl_o = debug_data_out [2 ) 

phi_lflyncl_e = 1 

The debug signalling is controlled by the RDU block (see Section 1 L8 Realtime Debug Unit (RDU)), the 
lO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU. 



Doc: SoPec_hardware_design 
Version: 2.3 



S3 Proprietary Document 



Nov 2002 
Page 525 



SoPEC : Hardware Design 



32.9.9 Datapath Unit 



Line Loader Unit (LLU) 



/z 



--•^ ".-^V -.--V- 



Datapath Unit 



0otjOnSar_fnodo 



prfnl_headjB{zB(0] 



Uataju 
dat.maitfii[i} 




prifiUwaul^elO] 



J pcfk domain (1 60 Mhz) 



1 I dodk domain (320 Mhz) i t pNdk domain (106 Mhz) 



Figure 248. Datapath Unit partition 
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J3 



32.9.10 Dot order controller 



< 



Reset 



c 



<Jot_order_fdy »1 



data st«=l 
dot_cnt_r8t « 1 



UneStart 



mcxJe_fi8l = dot_order_niode 
gen^enfOl « -(mW_ptfO)) 



mid Qtfi!Qfa«ii 



Machine remains tn same state by defautt 
AJI outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Unestart: Start processing first pari of the line, wait for 
both mid^ to be active 

UneMid: Switch over wait state allow pipeline to dear 

UneEnd: Une end processing wait for both line.fin to be 
active 



nna Mlls^Tr C ""^^"^ ) 



nxMto.sel » ck)t.order.mode 
gen-onlOJ s O 
gen_en(l|«0 



moda.sel » ^(docord8r_moda) 
gen.anrO] » mW^ 



Figure 249. Dot Order controlter state diagram 



The dot order controller is responsible for controlling the dot order blocks. It monitors the status of each 
block and determines the switch over point* at which the connections from odd and even dot streams to 
printhead channels are swapped. 

The machine is reset to the Reset state when phi_go _j)ulse =^ 1 or the reset is active. The machine will 
wait until it receives a data^t pulse from the PHI controller before proceeding to the LineStart state. On 
the transition to the LineStart state it will reset the dot counter in each dot order block via the dotjcnt^rst 
signal. 

While in the LineStart state both dot order blocks are enabled {gen_en=^\). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
size (i.e. print_kead^ize). When a dot order block reaches the mid point it immediately stops processing 
and waits for the remaining dot order block. When both dot order blocks are at the mid point imid_pt 
1 1) the controller clocks through the LineAfid state to allow die pipeline to empty and ixrmiediately goes to 
LineEnd state. 

In the LineEnd state the mode^el is switched and the dot order blocks re-enabled« in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in LineStart state. The controller 
remains in the LineEnd state until both dot order blocks have processed a line i.e. line^Jin =11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data^st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dot_order_rdy signal. 
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The dot order controller selects which dot streams should feed which printhead channels. The cider can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation. 



Table 165. Mode selection In Dot order controller. 











A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, first hail line. 




0 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead. first half line. 




1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, second half line. 




1 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead. second half line. 


B 


0 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead. second half line 




0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 




1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, first half line. 




1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead. first half line. 



3Z9.10.1 Dot order unit 

The dot order control accepts dot data from either dot stream from the LLU and writes the dot data into the 
dot bufifer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it*s vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received from the 
LLU. The dot order controller resets the dot counter to the printjie€uijsize[15:0] at the start of a new line 
via the dot_cnt^st signal. The dot count is compared with the printhead size (printjiead^ize[l5:0] 
divided by 2) to detemune the mid point (ntid^t) and the line finish point (line^Jin) when the dot counter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
printjieadjsize bus. 
// define the mid point 

if (dot_ci\tri5:0] «o print_headL_size(15 s 1) )then 

mid_ot = 1 
else 

midj)t = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented. The fill level of die dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU (ready signal) due to 
the dot buffer filling. A suitable threshold value is determined to allow for the full LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by: 

// determine the ready/avail signal to use. based on mode select 
if (mode.sel == 1) then 

dot_active = llu_phi_avail (01 AND ready 

wr_data = llu_phi_datatO] 
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else 

dot_activG = llu_phi_availtl) AND ready 

wr_data = lluj>hi_data[l) 
// update the counters 
if (dot_activ© == 1) then ( 

wr^en = 1 

wr.adr ++ 

if (dot_cnt «a 0) then 
I dot^cnt « print_head_si2e 

else 

dot.cnt — 

) 

The dot writer needs to detennine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for the line finish or the 
dot order controller is waiting for the line start condition firom the PHI controller. 
The stall logic is given by: 

// determine when to stall the LLU generator 
fill_level = wr_adr - rd^adr 

if (fili_level > (32 - THRESHOLD ))then // THRESHOLD is open value TBD 

ready = 0 // buffer is close to full 

elsif < gen_en =» 0) then 

ready = 0 // stalled by the datapath controller 

else 

ready =1 // everything good no stall 
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32.9.10.2 Data generator 



Reset OR nut oo nuNif 1 



oouni 



Reset ) data.^jin .i 



count « t«clK_prs_load 



[ ( SrclkPre J 



count mwQ 

count « priflL^aadJ8izB 




Machine remains in same state by default 
ATI outputs are zero unless otherwise stated 
State Description: 
Reset: Normal reset state 
SrclkPre: Count the SrclkPre number of dock cycles 
OataGen: Read Une Dot data from buffer 
MarginQen: Geneiate DotMargin number of dots 
SrctkPost: Wait tor SrdkPDSt number of cydes 



Rgure250. Data generator state diagram 

The data generator block reads data from the dot buffer and feeds dot data to the printhead at a configured 
rate (set by the PrintheadRate). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller 

The data generator controller waits in Reset state until it receives a line start pulse firom the PHI controller 
{datajst signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter vdth the 
SrclkPre value. While in this state it decrements die counter. No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size (print Jtead_size). If margining is to be used then 
the configured print_headj5ize should be adjusted by the dot margin value i.e. print Jiead jsize -= 
(physical_prirujtead_^ize - (dot^margm * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead. The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate {PrintheadRatey 

The generator determines the rate by incrementing a rate counter (rate^cnt) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate^cnt in the print Jiead_rate bus 
is one data is transferred, otherwise the cycle is skipped. If the PrintHeadRate is set to all zeros then no 
data will ever get transferred. The pseudo-oode for the DataGen state is given by; 
// increment the rate count 
rate_cnt 

// detexrnlne if data should be read 
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// first deCennlne if data is available in buffer 
if (rdLadr != wr_adr ) then 

if (print_head_rate[rate_cnt) == 1 ) then 

dot_active = 1 

gate.srclk = 1 

rd.adr 

dot^data = rd-data 
count — 
else 

dot_active s 0 
gate.szx:lk » 0 

else 

detractive « 0 
gate_srclk o o 

When the counter reaches zero the state machine will jump to the MarginGen state if the configured mar- 
gin value is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to AfarginGen 
state it loads the cycle counter with the dot^margin value, and begins to coimt down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It ^eates zero dot data words for the margin duration. 

When the counter reaches zero the machine jun^s to the SrvlkFost state, loads the dock counter with the 
SrclkPost value and decrements. When the count is fmished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data genemtois have completed (^datajin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32,9,i0.3Data seriallzer 



The data seriallzer block converts 6-bit dot data at phidk rates (nominally 1 06 MHz) to 2-bit data at doclk 
rates (nominally 320 MHz). 



phldk 



r 



1 



1 r 



1 



dodk I 
dot_data(5:0} 

ph_data(l.t)] 
mux^sel 

gate.srdk 
gate_&rclk_del 
srdk 



InvalM 



3C 



Val{d[5:0] 



X 



ValM(5.-01 



X 



invalid 



i_rLJ~L_rLrLJ~Lr 



Figure 251. Data seriafizer timing 



IXZXZOZinEIjIXIEnEXl^^ 
IJZTlXEXZXIJ(lI)CZIZXjirL^^ 



The sTTclk is only active when data is available for transfer to the printhead, as enabled by the gate^srclk 
signal. The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gate^srclk signals are clocked out by the phiclk and 
can only change on the rising of phiclk. 
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i3 



The data serializer block allows easy separation of clock gating and clock to logic structures fixnn the rest 
of the PHI interface. All registers in the block are clocked at ilocik rates. 



pheod.swap • 

dot_<JataC0I5:0] . 

doLdata(ip:0] > 



phLseriaLoRfer- 



phldk ^ Mux Logic < 



iwap- 
gate_srdk(1} - 
doclk 



dQt_data|i.O] 



doi.dataI3:2} ^ 



dot_datef5:4] ^ 



mux sal 



gatB_sfdk del 



r>> 



-> ph.data(1:0| 



crock 

Gate 



» srdk 



Figure 252. Data serializer RTL Oiag ram 

The mux logic determines which data bits from the dot^data bus should be selected for output on the 
ph_data to the printhead. The selection is dependent on the phiclk edge. 
if (pMclk »= 1) then 

mixx_8el s 1 
elsif ( mux.sel e= 2 ) Chen 

musc^sel = 0 
else 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSerialOrder is zero 
the order is dot[l:OJ, then dot[3:2J then dot[5:4J, If the register is one then the order is dot[5:4], dotP:2], 
dot[J:0]. 
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33 Test Units 



33.1 JTAG INTERFACE 

A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and lO testing 
purposes. The JTAG port will provide access to all internal BIST (Built In Self Test) structures, 

33.2 Scan Test I/O 

The SoPEC device will require several test lO's for running scan tests. In general scan in and scan out pins 
will be multiplexed with fimctional pins. 

33.3 . Analog Test Units 

33.3.1 USB PHY Testing 

The USB phy analog macro, will contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3.2 Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 

34.1 Overview 

It is intended that the SoPEC package be a 100 pin LQFP, Any spare pins in the package may be used by 
increasing the number of available GPIO pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 



Table 16S. SoPEC Pin Ust 




Clocks and resets 



xtalin 


1 


1 


TBO 


N/A 


xtatln 


Crystallnputpin 


xtakxjt 


1 


O 


TBO 


N/A 


xtalout 


Crystal output plrt 


reset-" 


1 




LVTTL 


2.5V 


reset_n 


Asynchronous sctivB low reset 


Printhead tnterfac 






2 


O 


LVOS 


3^ 


phLplu<lata.o[0][0] 


Dot data for ootors 0-2 tor Printhead 0, 
Using differential signalling 






1 


LVTTL 


3.3V 


phi_ph_dataJ01 


Input mode bit used for nozzfe test 
result printhead 0 


ph_datap>nil 


2 


o 


LVOS 


3.3v 


phij)tudataL.o[0][l] 


Dot data for ootors 3-S for Printhead 0. 
Using dfffBfentiat s^naUIng 






1 


Lvm. 


3.3v 


p))fj>h.dataj[l) 


Input mode Wt used for tempeiBture 
data pr1ntt>ead 0 


ph.ciata(1](0] 


2 


o 


LVDS 


3.3v 




Dot data for oolocs 0-2 for Printhead 1. 
Using difterentiaJ signaBIng 






1 


LVTTL 


3.3V 


pW_ph_data,?1] 


Input mode t>tt used for nozzle test 
result printhead 1 


ph.data(ini] 


2 


0 


LVDS 


3.3V 


phl_plUdata_o(1H1J 


Dot data for cofors 3^ for Printhead 1 . 
Using dtfforentlal signallkig 






1 


Lvm. 


3.3v 


phLpfudata_^l| 


Input mode bit used for temperature 
data printhead 1 


srdktO] 


2 


o 


LVDS 


3.3v 


phLjsrcflc[0] 


Difforantial dot data shift ctock for print 
headO 


8rclk(l) 


2 


o 


LVDS 


3.3v 


pM_8rcO([1] 


DiHerential dot data shift ctock for print 
head1 


readi 


1 


o 


LVTTL 


3.3v 


phLreadI 


Common Print head mode control 


frdk 


1 


o 


LVTn_ 


3.3v 


phijrdk 


Common Fire pattern shSt cfock, needs 
to toggle onoe per fire cycle 


proftte 


1 


o 


LVTTL 


3-3V 




Common Puise profile for all cofors 


Isyncf 


1 


o 


LVTTL 


3.3v 


pW_lsynd_o 


Line Syr>c output from Master to Slaves 






1 


LVTTL 


3.3v 


phijsyndj 


Une Sync input to Staves from Master 


USB Connections 






usbd 


2 


I/O 


Differen- 
tial 


3.3v 


Direct Phy Connection 


USB differential data 


JTAQ 




ttfo 


1 


o 


CMOS 


2.5v 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


tms 


JTAG Test mode select 


tdi 


1 


1 


CMOS 


2.5v 


t(0 


JTAG Test data in port 


tck 


1 


1 


CMOS 


2.SV 


tck 


JTAG Test access port ctock 


General Purpose lO 
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Table 166. SoPEC Pin Ust 







m 










1 0P>o|3:oj 

• 


4 


o 


CMOS 


2.5v 


gpto,o(3:0I 


Motor control pins / general purpose 
Output 






1 


CMOS 


2.5v 


SPto-«3:0) 


^aenorBi purpose inpux 


gptoC7:4I 


4 


o 


High 
Drive 
CMOS 


2.5v 


Bpio>.oC7:41 


Led driver pins / general purpose Out- 
put 






1 


CMOS 


2.5v 


9pioJf7:4J 


General purpose Input 




4 


o 


Open col- 
lector 


2-5v 


gpk>.o(ll:8] 


t^S imerfaoe pins / general purpose 

Output 






i 


CMOS 


2^v 


gpio_II11:8J 


LSS inteflace pins / geneml purpose 
Ir^ut 


Qpio[l3:12] 


2 


o 


CMOS 


2,5V 


gplo_o(13:l2] 


tSl interface pins / general purpose 

Output 






1 


CMOS 


2.5v 


flpIo_S13:12] 


ISI interface pins / general purpose 

Jnput 


TMtPins 










test.enable 


1 


I 


CMOS 


2.5v 


TBD 


TestEnat>ie 


generjc.1a8t 


5 


vo 


CMOS 


2.5v 


TBD 


Generic test pin, function undefined 


Total Signal 
Pfns 


45 
















Power Pins 




gnd 


16 


\ 


Power 


N/A 


end 


grxl 


vdd 


10 


t 


Power 


N/A 


vdd 


vdd i^v, core voltage 


vddZSO 


3 


1 


Po%vBr 


N/A 


vdd250 


vdd2^v.lOvoitaoe 




5 


I 


Power 


N/A 


ydd330 


vdd3.3vJOvoRage 


Total mns 


81 
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Memjet Printhead 
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35 Memjet Printhead 

This section is quoted verbatim from SoPEC/MoPEC Bilitfaic Printhead Reference document [10]. 

35.1 Background 

Silverbrook's bilithic Memjet™ pxintheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads^ and describes the their possible 
arrangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 

35.2 Companion Documents 

Curready, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This docimnent relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 

35.3 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead TVpe • There are 3 parameters which define the type of printhead- used in a system: 

• EHrection of the data flow through the printhead (clockwise or anti*clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ), 

• Printhead footprint (type A or type B. characterized by the data pin being on the left or the right of 

V^^ where is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 3S.4. This gives 4 pairs of printheads. However, 
because the paper can flow in either direction with respect to the printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type 1 prin^ead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1 , but the paper flows in the opposite direction. 

• Color Q is always the first color plane encoimtered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left^most side of the page. 
« The Kven Plane of a Color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 

Figure 233 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2]. 
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fyhile theprintheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that in a typical system, a pair of unequal sized printheads may be used. 
v+ 



0*0 O 



Color n 



O O 



-©-& 




-e-e- 



000 



Color n 



-e-e- 



O OND 



Type 0 printhead 



CMD O 



-e-e 



Color n 



« o o o 




Type 1 printhead 

^ 



-e-e- 



000 



Color n 



-e-e- 



o 00 



Type 2 printhead 



^ ©-©HO Q - O ■ ( 

Colorn Xva 
30 o o o il »-e 



Type 3 printliead 



O O i O 



Color n 



Type 4 printhead 

v+ 



Typo 5 printhead 

v+ 



<D Q O 



Color n 



00 O 



-e-e- 




Q OK) 



Color n 



Type 6 printhead Type 7 printhead v 

Figure 253. Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type, with respect to the flow of 
paper, for the 8 possible arrangements 

Table 167. Definition of the different printhead arrangements 





^^tii^^^^^J^^^^^ 
^g^^^^fj^pei^^^^^ 


^[^€rlnthea<iLmidghi;Sid^^J 
^^^^^^^^^^^^^ 


Arrangement 1 


lypeO 


Typel 


Anangement 2 


Typel 


Type 0 


Arrangement 3 


Type 2 


Type 3 


Arrangement 4 


Type 3 


Type 2 


Anrangement 5 


Type 4 


Types 


Arrangement 6 


Type 5 


Type 4 


Arrangement 7 


Type 6 


Type? 


Anangement 8 


Type 7 


Type 6 
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35,4 BlUTHic Printhead Systems 



When using the bilithic printheads. the position of the power/gnd bars coupled with the physical footprint 
of the printheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page. e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads, this docu- 
ment only presents two of them. Arrangement 1 and Arrangement 2, for purposes of illustration. These 
two arrangements are discussed in subsequent sections of this document. However, the oAer 6 possibilities 
also need to be considered. 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow. Because of this, the dot data has to be loaded differently in Arrangement I compared to 
Arrangement 2, in order to render the page correctly. 



35,4.1 Example 1: Printhead Arrangement 1 

Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right 
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Type 0 Printhead 



Type 1 Printhead 




Gnd 
A A 



The printheads are facing downwards. 
The ink is being shot down onto the page. Direction 

of Paper Flow 



Figure 254. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 168. Order in which the even and odd dots are loaded for printhead Arrangement 1 




Odd 



Even 



Loaded second in 
descending order. 



Loaded first in 
ascending order. 



L.oaded first in 
descending ofder 



Loaded second in 
ascending order 
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S5 



Figiire 255 shows how the dot data is demultiplexed within the printheads. 



Data[l]- 
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Type 0 Printhead Type 1 Printhead 
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ft 
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Logic ^ 



Figure 255. Demultiplexing of data within the printheads In Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1 , to ensure that color 0-dot 0 appears on the left side of the printed page. 

DatalO] ^oi<^I2>^5)^3;>(fIi^?>^ 
Data[l] <Q^(^^^^^^(^yp(^^^^Q^(Q^^ 
SrClk "UnxUTJTJTJTJTJ^ 

Figure 256. Signalling for a Type 0 printhead In Arrangement 1 



SrClk TJTJTJTJTJXrUTJTJ^^^ 



Rgure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type I printhead is on the left with respect to the direction of die paper fiow. 

• The Type 0 printhead is on the right. 
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The piintheads are facing downwards. 
The ink is being shot down onto the page. 



Type 0 Printhead 



? t 

Direction 
of Paper Flow 
V-l- 

~r~ 



Type 1 Printhead 




Gnd 

Figure 258. Identification of printheads noaezles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into tiie above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 169. Order in which the even and odd dots are loaded for printhead Arrangement 2 









Odd 


Loaded first in 
descending order. 


Loaded second In 
descending onjer. 


Even 


Loaded second In 
ascending order. 


Loaded first in 
ascending onJer. 
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J3 



Figure 259 shows how the dot data is demultiplexed within the printheads. 



Data[l]- 



Data[01- 





Type 0 Printhead Type 1 Printhead 
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-Data[0] 



-Data[l] 



Demux 

Figure 259. Demultiplexing of data within the printheads In Arrangement 2 

Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed page. 

Data[0] 

Data[l] ©^^^^^^i^^^^i^^^^^^®^!^^ 

Figure 260. Signalling for a Type 0 printhead In Arrangement 2 



Data[0] 

Pata[ll ^a^^j^^s^^^^^^sj)^ 
SrClk nJT-JTJlJlJaJTJTJl-^^ 

Figure 261. Signalling for a Type 1 printhead in Arrangement 2 



35.4.3 Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Arrangement 1 is the reveise of the sequence for 
same printhead in Arrangement 2 in temis of the order in which the color plane data is output^ as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 1 70. it can be seen that the plane which has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also» the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement 
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If the device controlling the printheads can re-order the bits according to the following cnteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in eidier ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 



^» Arrangement 1 




Arrangement 3 ; 



Paper 



V* Arrangenient 5 y» 



^» Arrangement 7 
ct«w« ^ffr c!2r« 



1± 



Paper 




Arrangement 2 





Paper 












:51s:: 











Arrangement 4 



Paper 

TT 



IE 



"5 — ^ — ^ — V 

Arrangement 6 



Paper 

TT 



-5 — — r 

Arrangement 8 



Paper 



TT 



r 

Figure 262. All 8 Printhead Arrangements 



Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 



|^)s;t(^f|dntneadJJ^^ 






Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Anangement 2 


Odd descendirtg loaded first 
Even ascerxltng loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 









Arrangement 3 


Odd ascending loaded first 
Even descending toaded second 


Even descending loaded first 
Odd ascendir^ loaded secorKl 


Arrangement 4 


Even descending loaded first 
Odd ascendir^ loaded second 


Odd ascending loaded first 
Even descending loaded second 


Anangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascerultng loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded secorxi 
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